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ABSTRACT
LTA (4A) and NaX (13]Q zeolite have been grown in the macrostructure of four 
‘unmodified’ carbons (MAS'U’^ , willow, pine and rattan) without blocking the 
meso/micropores o f the substrate. A lack of modification reduces
environmental/production costs, avoids weakening the substrate and prevents side reactions. 
The M AS'U^/NaX composites can be rapidly regenerated in-situ by electrical heating using 
the resistivity of the carbon substrate. Calcination of the composites to remove the carbon 
produces a zeolite-only replica of the carbon substrate and (though fragile) the zeolite 
structures may be of use in their own right. Zeolite loading could be increased almost 200% 
(from 3.3% to 9.6% mass) by extending substrate time in the precursor solution, or further 
increased (to 28-44% MAST™) by gravity deposition of the zeolite on the substrate. 
Extending the synthesis time may have produced a different zeolite inside the pores to that 
produced externally. SEM on a 5-week synthesised LTA sample suggests that the zeolite 
hydroxy sodalite (H-SOD) has formed inside the pores while LTA developed externally. 
Hence, growth rates were found to be different inside the carbon pores as crystal growth 
continued after it was arrested in the external solution. However, XRD and ^^ Si MAS-NMR 
analysis indicated that, in the first 14 h, NaX zeolite synthesis was slower inside the carbon 
pores than the external liquor. Acidity was expected to be important in the ability o f a 
material to adsorb the basic molecule ammonia, so, to assess if this is indeed the case, LTA, 
carbon and composites were H^ exchanged using HCl before ammonia adsorption. 
Ammonia adsorption was not found here to be significantly increased by acid exchange. 
Indeed, Na"^  LTA was found to adsorb NHj just as extensively (6 .6 mmol/g) as H^LTA 
(6 .8 mmol/g) and adsorption in H^ LTA zeolite exchanged using the NH^^ LTA method 
(then heated to remove NHj) was decreased by 50%, and only 3.3mmol/g was adsorbed (on 
the 6 .6 mmol/g adsorbing LTA) after NH^ "*^  exchange. The carbon substrate, however, 
performed much better when acid treated. Boehm titration results indicated that acidity 
ranges from 0.14mmol/g to 1.36mmol/g, even in non-acidified synthetic carbons, depended 
on the activation method performed (steam, CO^, etc.) and when acid treated the carbon 
NHj adsorption increased 10 fold (from 0.3mmol/g to 3.3mmol/g). NaX was found to be 
the best zeolite for NHj adsorption (5.1mmol/g for a 2 h outgas, 9.7mmol/g for a 4 h outgas
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and 18.6mmol/g for a 10 h+ outgas), if properly pre-conditioned. Such intense pre­
conditioning was found to be less important when the zeolite was contained in the carbon 
pores and a composite of MAST™/NaX (containing 22% NaX) adsorbed 3.7mmol/g N H 3. 
Therefore, the NaX zeolite adsorbed 16.8mmol/g when supported on a carbon substrate 
after a 3 h outgas compared to 18.6mmol/g unsupported NaX after a 10 h outgas. Dynamic 
MS-RGA TPD of N H 3 highlighted interesting water/ammonia/adsorbent kinetics and N H 3 
desorbs in a series of pulses from very humid zeolite/composites. No advantage to using the 
templating agent TMAH was found, during carbon/zeolite composite characterization. 
However, use of a templating agent as a precursor in the zeolite synthesis solution has been 
shown to have advantages when adsorbing certain molecules (such as HFC-134a) and 
disadvantages when adsorbing others (such as NH 3). NaX(TMAH) in the macropores of 
MAST™ carbon was 35% more effective at adsorbing HFC-134a than unsupported (and 
without TMAH). (NaX (without TMAH) = 1195pmol/g (E  ^ 140kJ/mol; T ^3 4 8 K ),
MAST™/NaX (with TMAH) = 1632pmol/g(NaX) (E. lOOkJ/mol; T ^  358iq] (To verify
this, unsupported NaX (with TMAH) was assessed and found to adsorb 1767pmol (HFC- 
134a)/g, no TPD or E^ has yet been performed on this sample). In the case of NH 3, 
however, it is interesting to note that the MAST™/NaX (with TMAH) composite, adsorbed 
NHj ~40% as well as non templated (no TMAH precursor) NaX./MAST™ composite at 
7mmol/g(NaXx;vLiit]) (E, 50k)/mol; T ^ 3 6 8 , 402K) and 17mmol/g(Na^Q (E  ^62kJ/mol; T ^  
351, 480K) respectively.
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CHAPTER 1 
GENERAL INTRODUCTION
SUMMARY
In this chapter a general introduction to the study is given. The background of the work is 
summarized; the nanoporous carbon/zeolite composite synthesis method is described and the 
adsorption issues for pollution control are briefly introduced. The use of rattan, willow and 
pine natural carbons (as well as MAST NOVACARB™ monolith carbon) is described in the 
context of composite substrate materials. Finally methods of material characterization are 
outlined. For simplicity, adsorption is introduced in Chapter 1 and explained in more detail in 
Chapter 5 (Adsorption o f HFC-134a on Carbon/Zeolite Composite Materials) and the subject 
of zcoHte acidity, its relevance to the process of adsorption and the use o f ammonia as an 
acidity probe molecule, is not encountered until Chapter 4 (Adsorption of NHj on 
Carbon/Zeolite Composite Materials). Thus, each of the areas of work is described in more 
detail in the relevant chapters. Where there is an instruction to refer to another section this is 
for interest only and should not be a prerequisite to understanding the work within that 
chapter. The author is trying to make the reading of this text less laborious and hopes the 
reader will forgive her for this somewhat unconventional format.
1.0.0 INTRODUCTION
Zeolites and carbons are often used to adsorb and control air and liquid-phase pollutants and 
toxic agents. For instance, in 1500BC the first medicinal uses for charcoal were recorded in 
Egyptian papyri as an odour adsorbent for putrefying woundsk Carbon filters were also 
recorded for use in 19th century sewers for controlling vapours/gases and more recently in 
gasmasks during the First World War.^ In 1916, during the Great War, Edward Harrison, an 
elected fellow of the Royal Chemical Society, developed the Harrison Tower^. The Harrison 
Tower, a prototype for nearly every gas mask that followed, consisted of a filter box of 
impregnated disks, each designed to counter a potential chemical threat^. The disks consisted 
of chemical countermeasures to each poisonous gas impregnated into filters and had been 
developed with the help o f academic chemists at Oxford". For speed and efficiency Harrison
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tested the filters on himself in a gas filled chamber". The disks, attached to a hood with 
inhalation and exhalation valves, could be replaced when exhausted and changed to cope with 
different gases. Ilis design could easily be carried by troops and deal with up to seventy 
possible gases, such as chlorine, phosgene and hydrogen cyanide^. Harrison, who saved 
thousands of men and boys from death or terrible injury, lost his own eldest son on the 
Somme in the Great War. His lungs, weakened by the chemical testing were finally unable to 
cope and he died of pneumonia in 1918 at just 47 years of age."
1.1.0 CARBON.
Until fiiUerenes (buckyballs/nanotubes/nanofibres) and nanofoams^ were discovered there 
were only 3 allotropes of carbon (amorphous, graphite and diamond). Carbon atoms are 
linked by strong covalent single and/or double bonds to form complex yet stable sp  ^ and sp  ^
structures (as well as sp ones). Amorphous carbon is not chemically inert and can be attacked 
by strong oxidising agents. A mix of sp  ^ and sp  ^ amorphous carbon (Figure 1.0) can be 
activated by heat or chemical treatment to increase pore size, creating a large internal surface 
area and enhancing adsorbency.^ Information on the acidic/basic functional groups that are 
formed during the activation process and the influence they have on adsorption potential is 
given in Chapter 4, section 4.2.0 (vii).
Figure 1.0 Simulation of amorphous carbon, (dark spheres depict threefold co-ordinated 
atoms (sp" hybridized) and light spheres show fourfold coordinated atoms (sp’ hybridized)).’
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1.1.1 N atural carbons
Natural raw materials, such as coconut husk and wood, produce unique porous carbons with 
little pore volume in the mesopore and macropore range. Pore sizes are defined as micro with 
diameter (d) < 2nm, meso 2<d>50nm, and macro d > SOnm*’. This can be problematic for 
some adsorption processes, where some molecules are too big for the finer pores resulting in a 
slow rate o f adsorbate entry-exit. Carbons can be chemically 'activated’ to increase meso 
porosity and encourage adsorption of larger molecules, but tlie carbon structure is weakened. 
For instance char carbonised and activated using H 3PO4 and ZnCl, produces mesoporous 
carbons, as does physical activation with air (693 — 723I<Q.^  CO, activation (1123-1173IQ, 
however, gives a predominately microporous structure^. The natural materials used in this 
study were not carbonised by the author but were received ready carbonised. The materials 
here were not activated before use. Activated carbons have a much larger surface area tlian 
carbonised ones.
1.1.2 Phenolic resin activated carbon precursors
The first commercial synthetic resin (polyoxybenzylmethylenglycolanhydride) was developed 
by Dr Leo Baekeland in 1907-1909 and named Bakelite. An add is added to methanal 
(formaldehyde) then phenol is stirred in to form phenol-formaldehyde.®
OH
i
th '' '"H Y
.CH.,
OH OH
OH
T
OH
CH., g  g
Figure 1.1 Phenol-HCHO reaction scheme^
To help generate pores a chemical pore former (CPF e.g. ethylene glycol or mono-ethanol 
amine) can be used. In general, the more CPF used, the wider the pores and the higher the 
pore volume.^ Increasing the proportion o f crystalline graphite within the carbon will increase 
carbon conductivity, reducing the resistivity. Thus regenerable adsorbers are formed from low 
graphitized carbons.^ To activate the synthetic carbon fully you must heat it to ~1073K, in a
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controlled atmosphere o f low oxygen concentration (to reduce the possibility of combustion)^. 
The porous MAST^^  ^carbon monolith used in this study has a resistivity (of between 0.1 and 
50 ohms/m). This allows effective electrical heating without excessively high currents or 
voltage. Cell structure and channel size are between 0.5 and 1mm and its wall thickness is 
between 0.5 and 1mm. Hence, there is an open space of 30-60%, although its surface area is 
still at least 700m^/g in the activated monolith. Carbonised, not activated, monolith was used 
for most of the work in this study unless otherwise stated (due to the higher coats of activated 
carbon). This report, will view the carbon merely as a substrate, and concentrate on the 
zeolites LTA and NaX (synthesis, pore size and adsorbency properties)
1.2.0 ZEOLITES - LTA AND NaX FORMULAS AND STRUCTURE
Zeolites are crystalline hydrated aluminosilicates. They are commonly used for the recovery of 
chemicals'^*’’ and radioactive ions,’*’ as well as drying gases, separating molecules, catalysis, 
and to remove atmospheric pollutants.’*’’ ” The size and shape of a zeolite pore system 
controls access of molecules due to steric influence and so zeolites are also known as shape 
selective catalysts. Hence the shape of a molecule and its cross sectional diameter is often 
more important for adsorption than its mass/ molecular volume, due to pore diameter 
constraints.’*’’ ” Zeolites also separate molecules on the basis of polarity. They have a high 
affinity for water, but in gas separation, molecules are more often differentiated on the basis of 
their electrostatic interactions with the metal ions.’*’”
1.2.1. The empirical formula for a zeolite structure is:
Mg/n O .Al2O 3.xSiO2.yH2O (where X is generally > 2)
AIO4 ' tetrahedra are joined only to SiO^tetrahedra and n is the cation valence.’*’ ’^
M ,/n  can be explained as follows: if sodium is the cation N a \/1  = 2 Na" ,^ or calcium C a^\/2  
= 1 Ca^ ,^ then two Na^ ions (1.02Â) are needed to counterbalance the A1 (within the zeolite 
structure) or one Ca"  ^ (l.OOA). Thus Na LTA would be 4A (aperture size 4.2Â) but if ion 
exchanged with a larger cation e.g. K’’ (1.38Â), the aperture size would be reduced to form 
zeolite 3A. However, exchanging with Ca"  ^ would give zeolite 5A as only one calcium ion 
would be required for two Na'’'. The crystallographic unit cell is expressed as: M x/n [(AlOJ x 
(SiOJ yJ.wHjO where w is the number of water molecules and 1 < y /x  < 5. Clearly (x+y) is 
the total number of tetrahedra in the unit cell.’*’'”
S.H.Jones 4 10/02/2010
1.2.2. Cage-like zeolite structures
Cage like zeolite structures are associated with the Greek letters a, p and y (where a refers to 
the largest unit).’*’’"’ Undistorted regular rings give the maximum openings. Zeolite A has 
channel diameters of 0.42-0.43nm whereas zeolite NaX has channel diameters of 0.74-0.75nm. 
Tliis is calculated by assuming the Os are rigid spheres and calculating the interatomic 
distances of 2 spheres across the ring. A silicate crystal oxygen ion is accepted as having a 
radius of 0.27nm (although this is an oversimplification since atomic electron distribution does 
not fall off abruptly at the value of the ionic radius).’*’"’^  Temperature and thermal vibrations 
affect the aperture ring Os and so as temperature increases/decreases so will the aperture 
size.’"' Synthesis of zeolite LTA and NaX do not require the costly and toxic templating 
agents’^ ' (e.g. tetrametlrylammonium hydroxide (TMAH) or tetrapropylammonium hydroxide 
(TPAH)) which was important to the present author. Zeolites NaX and LTA can be 
synthesised quickly at relatively low temperatures (<373K). The zeolite structures chosen for 
this work are based on the sodalite cage (Figure 1.2).
1.23 iim
j3-ciigc (stx ia lllc  cage;
Cali on sate «-cage (siipcrcage)
Figure 1.2 LTA, 4A, image illustrating the super cage and sodalite cage.’*'
Identical chemical precursors can yield different zeolites over different temperature ranges. For 
instance, six synthetic zeolites have been synthesised at low temperatures from sodium 
aluminate/sodium silicate gels.” In experimental work this author also found that increasing 
the time the precursors are held at a certain temperature when synthesising LTA may produce 
H-SOD (hydroxo sodalite) instead (see Chapter 6 , section 6.4.0).
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Figure 1.3 H-SOD structure’
Figure 1.4 a) Faujasite structure’*^ (NaX) and b) Faujasite structure (NaX) showing aperture
size and 1 2  membered ring’^
Zeolite frameworks are usually presented within the zeolite community in a simplified manner. 
In the above Faujasite structure (Figure 1.4a) tlie Os have been omitted and only the A1 and Si 
atomic connections are represented.’"^ In Figure 1.4 b) the yellow circles mark the positions of 
the neighbouring tetrahedra centres, which form a window (12MR = 12-membered ring, 
meaning that the window is formed by 1 2  tetrahedra wliich are connected via shared oxygen 
atoms’^ ' ’^ ). This type of structure is found in the natural zeolite Faujasite and in the synthetic 
zeolites X and The Faujasite structure has large channels and so is useful in catalysis and
as a molecular sieve, especially in its high-silica modifications (zeolite X and Y).’’"
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1.3.0 SYNTHESIS OF ZEOLITE CRYSTALS AND STRUCTURES
The small size of zeolite crystals’*’ ” often leads to restricted fluid transport and to avoid 
problematic pressure drops with gases/liquids researchers try to
1. Synthesise giant crystals’**'^ '’
2. Form zeolite crystals into pellets using binders^* "^
3. Coat zeolites onto structures as a film/membrane/* ^  chapter 2 ref. 1-9,11-16, .->2,
A fourth route is presented by the author here whereby zeolites are grown/synthesised in the 
macropores and channels of a porous carbon monolithic substrate.
1.3.1 Route 1 — Synthesis of giant crystals
Synthesizing giant crystals is the least travelled route, as it involves purifying/filtering the 
precursor solutions, long synthesis times (3 to 5 weeks), use of TMAH, TPAH templating 
agents,’” structure directing agents (SDA) (such as HF^") and excessive amounts o f energy to 
heat the synthesised crystals to >773K, before the zeolite can be used as an adsorbent, (in 
order to remove the templating agent incorporated into the crystal structure).^" This necessary 
removal of the template results in the crystal cracking and the researchers involved state they 
have not yet succeeded in removing the templating agents^’ without causing damage to the 
zeolite crystal stmctures.^’ However, very recently researchers may have succeeded in removal 
of template from 1.5-3mm sized silicaUte crystals under laborious conditions without causing 
any apparent crystal damage."’ Formation of giant crystals is also a very difficult process to 
reproduce reliably and even when extremely successful often produces crystals of varying sizes 
0.4 — 5mm for MFI and <0.5mm for NaX.^" The largest giant single zeolite crystal (MFI) in 
the world was successfully synthesized at 453K in 90 days and its size was 5 mm; the 
successful team are still trying to remove the organic template (TPAOH) from the crystals.^  ^
Currently this route is problematic and pressure drops (due to increased diffusion path lengths 
through the lattice structure o f larger crystals) are likely to be remain problematic for most 
fluid systems even when the removal of template problems are overcome.^*’
1.3.2. Route 2. Forming zeolite crystals into pellets using chemical binders^*^”
Forming zeolite crystals into pellets using chemical additives/binders may produce a loss in 
adsorbency by blocking some of the zeolite pores. The process comprises many steps*’*'^ ,^ and 
this may have an adverse effect on reproducibility.*’*'^  ^ In addition, the binder materials to date 
have been restricted to alumina, clay minerals, cordierite or silica; these may have undesirable
S.HJones 7 10/02/2010
catalytic a c t i v i t y A  further disadvantage of this route is that zeolites generally conduct heat 
relatively poorly, even in the form of pellets, and so regeneration times are increased compared 
to some monolith-supported zeolites/^'^^
1.3.3. Route 3. Coating zeolites as thin Glms or membranes^*
Coating zeolites as a thin film or a membrane onto another material structure (such as a 
monolith) has become the most promising method for maintaining constant pressure in fluidic 
systems by ensuring short diffusion path lengths (thin layers and small crystal sizes), while at 
the same time reducing the possibility of chemical interactions or interference from binders. 
However, it should be noted that chemical modification o f the substrates used could also 
interfere/interact with the adsorbate. The most popular choices of monolithic substrate 
materials for zeolite film growth are alumina and metals’®. Carbons are chosen as substrates 
for zeolite growth less frequently, as it is difficult to marry the hydrophilic zeolites to 
hydrophobic carbon without chemically modifying the carbon surface.
Chemical modification of the carbon support is often required to adhere it to the zeolite film. 
However, carbon has a major advantage over silica, alumina and metal substrate materials, in 
that it can be electrically heated using its inherent resistivity, thereby transferring heat quickly 
to the zeolite to condition or regenerate the carbon/zeolite composite in-situJ The 
hydrophobic nature of carbons also allows them to be used to adsorb non-polar molecules 
(hydrocarbons etc.), while the zeolites adsorb polar molecules (H?0, NHj). Hence, in 
instances where one needs to control a combination of pollutants, carbon/zeolite composites 
may have advantages over sequential beds and could have advantages in pollution control if 
they exhibit faster heat and mass transfer to the supported zeolites with lower pressure drop.^’ 
^  Another advantage of a carbon-hosted zeolite composite is that the substrate does not 
undergo dissolution in the zeolite synthesizing solution.
1.3.4. Route 4. Synthesising zeolite in the macropores or macrochannels of carbon.
Within this PhD thesis the author has considered the synthesis and properties of 
zeolite/carbon composites, by a novel route (i.e. zeolites grown within the macropores and 
macrochannels of unmodified natural and unmodified synthetic carbon substrates) with a view 
to assessing these as a replacement for large crystal zeolites, pelleted zeolites and zeolite 
films/membranes. Such carbon/zeolite composites would suffer from substrate loss in 
oxidising atmospheres at high temperature, but this can be of value in producing zeoHte-only 
membrane structures on gasification o f the carbon. The author could have introduced a pre­
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prepared zeolite into the polymer precursor of the synthetic MAST™ carbon before 
carbonisation, but this would not have been applicable to the naturally-derived charcoal and 
could block the zeolite pores and could weaken the MAST^^  ^ carbon host (just as chemical 
modification of the carbon could also damage the carbon support). By synthesising zeolite in 
the pores of a monolith, the zeolite should be homogeneously dispersed within the porous 
solid structure. O f course by using carbon (rather than metal, alumina or silica) the zeolite can 
(as previously stated) be electrically heated using the carbons resistivity to condition/regenerate 
the zeolite in situ’”^  ^before each adsorption run. Zeolite/carbon composite materials could in 
principle control a wider range of pollutants and toxic agents than previously was possible with 
either the zeolite or the carbon alone. The innocuous carbon casing that holds the zeolite 
firmly in place within the pores may also allow the composites to be used in medical 
applications {in vivo kidney filters etc.).®°
1.4.0 GAS ADSORPTION
1.4.1 Physisorption and chemisorption
Physical adsorption is necessarily a surface phenomenon in which cohesive forces such as van 
der Waals and hydrogen bonding act between molecules of a substance irrespective of their 
state of aggregation.®  ^®® Surface forces at the phase boundary cause changes in the 
concentration of molecules at the solid/fluid interface.^ '^^  ^ Adsorption may be due to 
physisorption (van der Waals forces) or chemisorption involving the formation of chemical 
bonds.®' ®® Physisorption has low specificity, whereas chemisorption is dependent on the 
relative reactivity and chemistry of the adsorbent and adsorbate.®' ®® Physisorption phenomena 
usually attain equilibrium rapidly, unless the rate-determining step is the transport process to 
the surface.®' ®® Chemisorption is generally limited to monolayer formation, because adsorbate 
molecules are linked to specific reactive sites on the surface of the adsorbent and normally if a 
chemisorbed molecule undergoes a reaction it loses its identity and cannot be recovered by 
desorption.®' ®® This is not the case with a physisorbed molecule that keeps its identity and can 
be desorbed; at higher relative pressures multilayer adsorption and capillary condensation 
occurs. Chemisorption often has high activation energy (E j associated with it and at lower 
temperatures there may not be enough thermal energy in the system to attain thermodynamic 
equilibrium.®'’®®
Almost all sorption however, involves evolution of heat of adsorption, usually small in 
physisorption and large in chemisorption. Physisorption is usually reversible but the
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desorption process may require heat; chemisorption is often irreversible.®' ®® Adsorption 
characteristics are determined by the adsorption isotherms and adsorption is always 
accompanied by the evolution of heat, the quantity of which depends on the van der Waals 
forces involved, phase changes, electrostatic energies and chemical bonds.®'"®® Heats of 
adsorption derived from adsorption isotherms are referred to as isoteric heats of adsorption.®'" 
®® Those derived experimentally by calorimetry are called differential heats of adsorption.®' ®®
1.4.2 Gas adsorption and its relationship to surface area
In gas adsorption, physisorption (once again) should be distinguished from the strong 
chemical attraction known as chemisorption. Physisorption is a reversible phenomenon 
important for the purification and recovery of gases and liquids®'. It is defined as the 
concentration of gas molecules near the surface of a solid material. It occurs at any pressure 
and temperature but is only measurable at temperatures close to the adsorbate boiling point 
(partial pressure); hence physisorption experiments with are usually performed at 77K (the 
boiling temp of liquid N, at atmospheric pressure). Considered a non-selective process, the 
gas molecules cover the surface layer by layer. The amount of gas adsorbed when a mono­
layer is saturated is proportional to the entire surface area o f the sample and so gas adsorption 
is used to measure the specific surface area of solids (and pore size distribution using 
knowledge o f capillary condensation).® '^ ®® The specific surface area of a solid is the total 
surface of the sample that is in contact with the external environment and is expressed as m^g"' 
of dry adsorbent sample. Surface area is related to pore size and volume. Knowledge of the 
size (g ) and number (n) of the adsorbate molecules adsorbed is necessary in order to calculate 
the surface area.®^ ’ ®® Porosity (the volume of unoccupied space in the form of pores, cavities 
and cracks) determines durability, mechanical strength, permeability and the adsorption 
properties of the material.®"'
1.4.3 Adsorption/desorption analysis
A complete adsorption/desorption analysis usually involves measurement o f an adsorption 
isotherm, where n (the amount adsorbed) is plotted versus relative pressure (0<p/po<l). In an 
S shaped isotherm (refer to isotherm II of Figure 1.5 overleaf the low pressure portion of the 
isotherm is concave to the pressure axis. The higher pressure region is convex to the pressure 
axis, although Henry’s law (which states that '’the solubility of a gas in a liquid sohition at a constant 
temperature is proportional to the partial pressure of the gas above the solution') must apply at very low 
p/pQ.®^  Calculations applied to the different isotherm regions are used to obtain specific surface 
area by giving the volume of gas needed to form a monolayer on the sample surface.
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Micfo/mesopore volume and size distribution (relative abundance of the pore volume as a 
function of the pore size) can also be obtained?^’ Gas adsorption analysis using Ng and Ar 
can be accurate for materials with a pore range of 0.35 nm to 100 nm/^ but mesoporous films 
(300-900nm thick) are not suitable for analysis using Ng and Ar sorption as total pore volume 
and surface area can be extremely small and so pressure changes due to adsorption cannot be 
assessed with accuracy.^  ^ Understanding the theoretical calculations associated with adsorption 
isotherms is important for problems such as liquid/gas purification since adsorbed gases are 
thought to capillary condense in the mesopores of some materials. For instance, gas first 
absorbed into the pores spontaneously condenses into a liquid state (after a sufficient amount 
of gas is supplied). The adsorbed gas/liquid may become denser than the corresponding bulk, 
allowing for larger amounts to be stored inside a material than in an empty canister.^^
1.4.4 Adsorption -desorption isotherms
Relative pressure, p/p® Relative pressure, p/p®
IV
1
Relative pressure, p/p®
III
Relative pressure, p/p®
1
Relative pressure, p/p®
VI
Relative pressure, p/p®
Figure 1.5. lUPAC classification of gas adsorption isotherms^^
Type I is typical of microporous solids and Langmuir chemisorption isotherms. Type II is 
typical o f ground non-porous solids. Type III and V are typical o f vapour adsorption (water 
vapour on hydrophobic materials). Type IV and V feature a hysteresis loop^^ generated by 
capillary condensation of the adsorbate in the mesopores of the solid.^’ The volume of gas
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adsorbed and desorbed differs indicating that different dynamics and contact angles are at 
work in this region/^ It is generally considered that a monolayer forms at low pressures and 
multilayers then form as the pressure rises leading to adsorbate condensation/^ A hysteresis 
loop suggests mesoporous material because in such materials the volume adsorbed at a 
particular relative pressure is different to the volume desorbed at that pressure. It is thought 
that capillary condensation is occurring at these pressures within the material and the equation 
describing mono or multimolecular adsorption no longer w o r k s . T h e  type VI step-like 
isotherm is nitrogen adsorbed on special carbons but it is rare.^^
1.4.5 Deriving equations for adsorption isotherms.
On a free surface, at p/p^ = 1, an infinite number of layers can build up on the adsorbent, 
leading to the isotherm equation:
1) V,„cp/ (p„-p) l+ (c-l) (p /p j
Where V = Volume adsorbed, V„, = volume of gas adsorbed when the entire adsorbent 
surface is covered with a unimolecular layer, p„ = saturation pressure o f the gas, p = 
measured vapour pressure and c is approximately equal to (where e = exponential,
Ejj is the adsorption heat for the T‘ layer adsorbed, E l is the heat of liquifaction and the 
constants R and T  are the universal gas constant and absolute temperature in K  
respectively).^^
This gives an S-shaped isotherm of two regions. In the low pressure region the equation 
reduces to: V = (V^c/p^- p) /  (1 + c/p^- p) (a form of the Langmuir equation).
The isotherm equation can be plotted in the form of: p /V  (p^-p) = 1/V,„c + c-lp/V,„c p„
(i.e. a plot of p /V  (p^-p) against p/p^ should give a straight line whose intercept is 1/V„ c and 
slope is (c-l)/V,^c. From these slopes and intercepts the two constants V^ and c can be 
evaluated. The width of the pores and capillaries of the adsorbent sets a limit to the maximum 
number of layers that can be adsorbed even at p/p^ = 1. So the adsorbed layers cannot exceed 
a finite number n then the sum is only carried to n terms (not infinity) so eqn. 2 ) not 1) was 
derived:
2) V = T(;/y/ (1- (!-(/; + 1) + W(^+')/ (1+ (c-l) x-of+')
Where x = p/p„ (relative pressure).
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Equation 2) has two limiting cases:
i) When n = l it is the Langmuir type equation.
Ü) When n= <>=> (free surface) it becomes equation 1).
It should be noted that when x has a small value and n is as large as 4 or 5 equation 1) 
becomes a good approximation of 2 ).^ ^
To use equation 2 ), one should plot the experimental isotherm in the low pressure region 
according to the linear form of equation 1) evaluate c and from the slope and intercept of 
the straight line, then using these values in equation 2 ) solve for the best average value of n.^  ^
From c one can obtain an approximate value for the heat of liquefaction (EJ in J/mol. In this 
way constants such as and — E^ can be obtained. The constant is given for one gram 
of the adsorbent.^^ The beginning of the linear portion of the adsorption isotherms 
corresponds to a complete unimolecular layer of adsorbed gas on the adsorbent surface since 
the constant evaluated from the straight line plots of equation 1) is also the volume of gas 
corresponding to a unimolecular layer.^  ^ When V,„ is obtained from the isotherm the number 
of molecules required to form a monolayer is multiplied by the average area occupied by each 
molecule on the surface to give the adsorbent surface area. With p/p^ > 0.35 the data plot 
deviates with increasing pressure more and more strongly from a straight line, showing too 
little adsorption to conform to equation 1) so equation 2 ) must be used instead.^^
When the adsorbent used was charcoal, the slopes of the BET isotherm decreased 
continuously as the pressure increased instead of producing an s shaped isotherm and around 
saturation pressure become almost zero.""^  The author also found this to be true with some 
natural charcoal Ng BET samples causing similar problems (see rattan Ng BET graphs. Chapter 
3). If restrictions in the number of surface layers allowed to build up is due to capillaries in the 
adsorbent, then BET concluded that the pores or capillaries in charcoal are only one or two 
molecular diameters thick (i.e. very n a r r o w ) T h i s  explains why determination of pore 
size/volume in these solids is difficult (unexpectedly low surface area results were obtained by 
BET). Small pore diameters in the same molecular diameter range as gaseous Ng makes for 
problematic surface area analysis using Ng BET.
S.H.Jones 13 10/02/2010
1.5.0 TH E ABSORBATES -  HFC134a AND NH j
The pollutant ‘greenhouse gas’ adsorptives chosen for use here were NHj and HFC-134a. 
Both are problematic gases with HFC134a being shown to have global warming potential^^ 
and NHj being toxic, corrosive and a danger to the environment, (i.e. NH 3 is very toxic to 
aquatic organisms).^^ Levels of both, however, are an environmental concern as they are used 
in increasing quantities as refrigerants.
1.5.1. HFC-134a (also known as R134a and l,l,l,2,tetfafluofoethane)
RFC-134a has been used extensively to replace Chlorofluorocarbons (CFCs) in refrigerant 
systems, but has itself in recent studies been shown to have global warming potential.^* The 
European Parliament and Council of the EU stated in 2006 (directive - 2006/40/EC) 
‘emissions of hydrofluorocarbon-134a which has a global warming potential (GWPjqo) of 1300 
is emitted from air conditioning systems in motor vehicles’.^ ® The Norwegian Institute for Air 
Research Annual report 2004 ‘Greenhouse gas monitoring at the Zeppelin station’ (TA- 
2110/2005) suggests that levels of HFC-134a has doubled in just 4 years (from 20 ppt to 40 
ppt)."**^  In 2007, CaUfomia's Air Resources Board's (CARB) environmental justice committee 
voted to recommend the replacement of the refrigerant ban with a broader set of restrictions 
on HFC-134a in several applications (such as commercial and residential ait conditioning 
systems) in an effort to reduce the State's greenhouse gases to the 1990 level by 2020 and 
achieve a 25% emissions cut.'^ ^
F
Figure 1.6 Structure of HFC-134a (R134a - 1,1,1,2, tetrafluroethane) 43
In previous studies zeolite NaX has been shown to readily adsorb HFC-134a'^“"^ '‘ Therefore 
NaX zeolite was chosen for synthesis in the macropores of unmodified carbons in order to 
assess the effect of the support on the adsorption properties o f the zeolite. Three unmodified 
carbons (i.e. MAST NOVACARB^^ monolithic, pine and rattan carbon) were chosen as NaX 
substrates. Within such hosts NaX crystals were expected to grow without blocking the
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micfopores of the carbon substrate (because the NaX unit cell size is 24.86-25.02Â and the 
micropores are <20A). If the capacity of zeolite NaX to adsorb the haloalkane refrigerant 
hydrofluorocarbon-134a (HFC-134a), is not reduced or hindered when supported on such a 
carbon substrate these zeolite/carbon composites could be of interest for environmental 
pollutant control or as refrigerant leak sensors. The physical properties of HFC-134a are given 
in 5.0.2.
1.5.2 HFC-134a fragmentation pattern and its analysis
HFC-134a (RMM 102), has (eight major peak) mass to charge ratios. 83, 69, 33,32, 31, 50,101 
and 82.^ Though peak m /e  83 may be of higher intensity, the MS-RGA takes longer to look 
for higher m /e ions and so peak 69 (the second most abundant ion) was chosen as the 
identifying ion for 1 ,1 ,1 ,2  tetrafluoroethane.
1.5.3 Ammonia (NHj)
Ammonia, the second environmental pollutant chosen as an adsorbate, is according to the 
European Environmental Agency (EEA), one of the most common HPV (high production 
volume) industrial ch e m ic a l s .A n h y d r o u s  ammonia is used in the production of 
petrochemicals, pulp, paper, fertilizer and as a coolant in refrigeration s y s t e m s A l o n g  with 
HFC134a (R134a), refrigerant ammonia (R717) has increased in use to replace the 
environmentally unfriendly chlorofluorocarbon (CFG) refrigerants and can now be found in 
air-conditioning systems for many public buildings and electric power generation plants.**^  In 
2 0 0 1  ammonia was involved in the worst industrial accident of the last twenty years when an 
ammonia/ammonium nitrate explosion at a fertilizer plant in Toulouse, France killed 30, and 
injured over 2,000."^  ^ TWA (Time Weighted Average) exposure limits for ammonia are 25 
ppm, with a STEL (Short Term Exposure Limit) o f 35 ppm for 15min.'^  ^ According to the 
past chair o f the Gas and Vapour Detection System Technical Committee ‘almost anyone who 
has used ammonia sensors in refrigerated areas is aware of the limitations of the sensors’ (the 
temperatures range from -40"G (under freezing operations) to +40° G (during defrost 
periods)). He also stated that ‘jets of water, steam and detergents also have the potential to 
damage sensors."^^
Despite these problems, ammonia has been identified as a zero carbon fuel and suitable 
hydrogen carrier that can generate hydrogen in a simple cheap reactor.'**’ It is 17.5% by weight 
hydrogen and has a higher hydrogen density than liquid hydrogen (~105kg/m^ and ~64kg/m^
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respectively)'**’ so NHj can generate 1.7 times more hydrogen for a given volume than liquid 
hydrogen itself.'**’ Flammability is small enough for it to be classified as non-flammable and it 
was used as a fuel in the X I5 rocket plane.'**’ Ammonia offers significant advantages to H, in 
the area of cost, convenience, storage and distribution.'**’
Zeolites are notoriously good adsorbers of NHj'*^ '^ * and so the gas is often used to test the 
acidity of zeolite structures.'*^ *’* Acidity is often a measure of zeolite activity. Hence NHj — 
Temperature Programmed Desorption (TPD) is a simple and rapid method to characterize 
zeolite activity.'*  ^*’* The author therefore expected NaX and H^ exchanged LTA zeolites to 
adsorb ammonia very well; hence LTA was the second zeolite chosen for synthesis in the 
macropores/channels o f the carbon. LTA was also chosen for its ability to adsorb N H 3, HgO 
and CO2 (see Chapters 4 and Chapter 6). Should NaX and H^LTA adsorb ammonia as well 
when supported on carbon (as it does in its pure state) then these composite materials could 
be of value as robust, regenerable sensors as well as pollution control materials and possibly 
hydrogen precursor storage materials.
1.5.4 Ammonia (NHj) fragmentation pattern
Ammonia (RMM 17) has m /e  fragments 17 (100), 16 (80), 15 (8), 14 (2), (intensities are 
provided in brackets). Ammonia therefore is not a straightforward gas to detect by MS-RGA, 
since m /e  17 can be confused with OH from water and m /e  16, 14 with O and N  firom air 
(respectively). Even m /e  15 can be found in air as the *^ N isotope. Therefore any 
contamination/system leaks could give erroneous results and the scans need to be monitored 
very closely for m /e  ion expected ratios as well as singular m /e  ions detected. For instance, 
OH from water as a m /e  17 contamination peak can be easily confirmed by presence of m /e  
18 and m /e  14,16 peaks easily confirmed as air leak contamination by presence o f m /e  28, 32 
(ca. 4.5/1 ratio).
1.6.0 MATERIALS
Chemicals used in composite synthesis were: analytical grade sodium hydroxide (NaOH 
Fisher); sodium metasikcate pentahydrate (Na2Si0 3 .5 H 2 0 , laboratory grade, Fisher); sodium 
aluminate (NaA1 0 2 , laboratory grade, Fisher); deionised water; tétraméthylammonium 
hydroxide (TMAH 25% wt in methanol, Fisher). NaX and LTA zeolites were synthesised 
using a simple hydrothermal method.*® The relatively low temperature synthesis meant that 
250ml polypropylene bottles could be used. A silicon oil bath was used to heat the samples in
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the hydrothermal treatment. The carbon substrates used were MAST^* carbon, rattan, and 
pine and willow carbon monoliths. When possible the author used natural and synthetic 
carbon monoliths of similar size and shape.
1.7.0 METHODS
1.7.1 Zeolite supports, pre-treatment, LTA composition and synthesis
1.7.1.1 LTA — Zeolite supports and their pre-treatment.
Two carbon hosts with macro-channels/pores were used without prior chemical modification: 
(i) willow carbon (3cm x 0.5cm diameter; total surface area 24m^g'*) and (ii) MAST™carbon 
synthetic monolith (diameter 3cm x 0.1cm; 39 cells per total surface area 535m^g'*). Pre-dried 
carbon substrates (16h at 373K) were used.
1.7.1.2 LTA composition and synthesis
The composition of the LTA synthesis solution (3.165 Na^O : AljOj : 1.926 SiOg : I 2 8 H 2O) 
was expected to give Nai2[(A102)i2(Si02)iJ.27H20.*® First 0.363g of analytical grade NaOH 
(Fisher) was dissolved in 40cm’ o f water and into this sodium metasilicate (15.48g) was 
introduced. In another flask 0.363g of NaOH was dissolved into 40cm® of water and sodium 
aluminate (8.26g) was introduced. Two syntheses: (i) a sodium aluminate pre-dipping and (ii) 
sodium metasilicate pre-dipping were used. The carbon sample was added to one of the 
solutions and then the other solution was introduced to give a thick gel. In a third method, the 
carbon was dipped into the pre-formed gel. In each case the sample was vigorously shaken for 
5-lOmin and the gel and carbon samples were placed in a silicon oil bath at 373K overnight 
(approx 1 2 h). The botties were removed, cooled and the zeolite/carbon composites washed 
with 1dm’ deionised water to pH 9 and then dried in an air oven for 16h at 373K.
1.7.2 Zeolite supports, pre-treatment, NaX composition and synthesis
1.7.2.1 NaX — Zeolite supports and their pre-treatment.
Three carbon hosts with macro-channels/pores were used without prior chemical 
modification: (i) rattan carbon (diameter 3cm x 1cm; total surface area 0.05m^/g), (ii) pine 
carbon (diameter 3cm x 1cm; total surface area 50.34m^/g) and (iii) MAST™ carbon synthetic 
monolith (diameter cm x 1cm; 39 cells per cm ;^ total surface area 534.92m“/g).
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1.7.2.2 Synthesis of NaX zeolite in the carbon pores.
NaX zeolite was synthesised using the same simple hydrothermal method. The composition of 
the (NagO : AI2O3 : 2 .5 Si0 2 : 6 H2O) was expected to give Nag6[(AlO2)86(SiO2)i06].264H2O**’*®. 
This particular ratio was chosen to ensure zeolite X  and not zeolite Y was produced. Zeolite X 
and Y are both Faujasite structures and differ only in the Si/Al ratio, where R = N g/N ^. For 
X the A1 ions in the unit ceU varies from 96 to about 77, whereas in Y it is about 76 to 48 so 
the value of R is 1-1.5 for X and 1.5-3 for Y.**’ *® Therefore the (Thomson) Linde Type A 
recipe was used*®, with precursor ratios amended to produce NaX calculated A1 ions per unit 
cell of 8 6  (to 106 Si ions). An R value of 1.23 was expected. A solution of NaOH (1.72g in 
400ml water) was made up and split into 2 bottles, NaAlOj (19.53g) added to one botde and 
the Na2Si0 3  (74.31g) added to the other. After dissolution, the carbon was added to the 
metasikcate solution (the sodium aluminate has been observed to precipitate out of solution on 
standing, so there was a possibikty the sokd could build up in the carbon pores). Then the two 
solutions were combined along with the carbon to form a strong gel. For the TMAH 
templated zeokte recipe, the quantities o f sodium metasikcate and aluminium hydroxide 
precursors (and the procedure) remained the same, but 200ml TMAH (25% in methanol), was 
equally spkt between the sodium metasikcate and the aluminium hydroxide, before the two 
solutions were combined to form a strong gel. After shaking for 5-10 min, the solution was 
left to age overnight at room temperature, and then placed in an oil bath for 16h at 373K. The 
samples were removed, cooled and washed with deionised water to below pH 9, then dried in 
an air oven overnight at 373K.
1.8.0 METHODS OF COMPOSITE CHARACTERISATION
LTA/carbon and NaX/carbon composites were characterised by scanning electron 
microscopy (SEM), X-ray diffraction (XRD) and N 2 adsorption at 77K (BEL), (refer to 
Chapter 2, section 2.3.0. for N 2 adsorption theory), NaX/carbon composites were also
characterised by *^*Si MAS-NMR. Specifically the morphology and composition o f the 
composites were investigated by SEM (and associated ED]Q on a Hitachi S-3200N SEM and 
Oxford Instruments Inca system, with a detection area of lOmm^ and a tungsten filament. 
SEM EDX was cakbrated using a cobalt standard. XRD was performed on a PANalytical
X’Pert Pro MPD powder X-Ray diffractometer with monochromator. CuIQl = 1.5405A 
radiation was used to characterise the crystalline phase over the scanning range 3.5° <20< 60° 
for most samples. BET total surface areas and pore volumes were estimated from N 2 
adsorption at 77K using a Micromeritics ASAP 2010 instrument. ^^ Si MAS-NMR was
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performed on a Bruker 300 Avance II, Bruker MAS II instrument with 3-Trimethy(sily)-l 
propane-sulphonic acid, sodium salt (97%) (DDS) Si standard. ^^ Si calibration was set to 
7.89ppm.
1.9.0 ADSORPTION AND TPD EXPERIMENTAL METHODS
1.9.1 RGA-MS (residual gas analysis -  mass spectroscopy) procedure
RGA-MS (residual gas analysis — mass spectroscopy) was used to assess the composite 
material’s capacity to adsorb/desorb the pollutants by performing pulse injections/TPD scans 
in real time while monitoring the gases produced for catalytic activity or adsorption. 
Adsorption experiments were carried out in pulse/injection mode and provided information 
about the maximum adsorption capacity o f a material at the chosen temperature (in this case 
295.5K -  IK); whereas temperature programmed desorption (TPD) of the previously 
adsorbed molecules provided information on activation energies and T^^ indicating the 
usefulness of the adsorbents at different temperatures and their regeneration parameters. 
However, it is only by comparing/correlating the adsorption and desorption data that an idea 
of the level of reversible and irreversible adsorption/desorption by the composite material is 
possible.
1.9.2 Experimental rig design.
Analysis was carried out using an "ESS VG Quadrupole, Sensorlab®® Residual Gas Analyser 
(RGA) with a built in mass spectrometer (MS) and therefore it was necessary to design an 
experimental rig system to contain the residual gases that are fed into the RGA-MS. The 
RGA-MS measures gaseous effluent of a reaction using partial pressures.®'* ’*’ This is performed 
by the separation of ions according to their mass to charge ratio (m/e). The instrument 
operates with a quadrupole detector which involves the application of alternating electric fields 
across four poles to allow the separation o f ions to their respective m /e  ratios®'*'’*’. The 
machine operates under vacuum to maximise the mean free path of the ions reaching the 
detector to avoid ion recombination and thus lack of detection. The internal pressure of the 
RGA was typically 0.3mPa (i.e. about 3x10'** atm).®®’®*
1.9.3 Rig construction
Apart from the PTFE carrier gas tubing the system was constructed out of stainless steel (so 
that no undesired reactions with the NH 3 etc. were possible). The experimental set-up was 
basically as follows: Ar/Ng cylinder > regulator > tubing > mass flow controller (Bronkhorst)
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> stainless steel rig > pulse/injection port > T-junction switch bypass/through sample reactor
> T-junction into sample exit port > RGA-MS capillary inlet > RGA-MS. Check valves were 
strategically positioned around the rig to prevent backflow of injection and/or carrier gases 
and the sample reactor is contained inside a tube furnace operated by a Lenton controller. The 
sample temperature was monitored inside the reactor independendy using a thermocouple. 
The samples are ground and loosely packed into the reactor tubing being held in place with 
silica wool (the reactor tube and silica wool are weighed before the addition o f the sample and 
then again afterwards so that the sample weight is less subject to weight errors).
1.9.4 Schematic — Flow chart
MFC
Bypass
RGA-MS2 way 
switch
Carrier
gas
Injection
port
Lenton
controller
Sample
reactor
Thermocouple in sample bed
Cylindrical Furnace 
wraps around sample 
reactor
Figure 1.7 Schematic of MFC — controlled rig
Samples were initially degassed/outgassed at an elevated temperature in an inert gas stream for 
a number of hours to 'condition'/remove moisture etc. from them before this point in the 
experimental run but this will be discussed in greater detail in the chapters related to ammonia 
and HFC-134a adsorption* (see Chapter 4 for N H 3 adsorption and Chapter 5 for HFC-134a 
adsorption).
* The volatiles content of a s^olite (partimlarlj moisture) has a strong effect on its adsorption properties and so 
samples need to be degassed ‘conditioned’ before use. In fact the level of moisture or gaseous molecules previously 
adsorbed onto the polite has such a strong effect on the material’s adsorption properties that comprehensive 
outgas temperature data needed to be taken into account before accurate adsoption comparisons between zeolites 
and! or other materials could be made (Kefer to Chapter 4, section 4.6.7)
During the experiment an inert carrier gas (Ar or Nj) is flowed through the rig system at a 
constant rate until the flow reached equilibrium/constant pressure (observed by a straight flow
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line/lack of deviation on the RGA computer monitor operating in MIM mode). At this point, 
calibration pulses/injections are made in the sample bypass mode. The inert carrier gas is then 
redirected through the reactor containing the sample to remove any air or other weakly held 
gaseous molecules from the sample and/or reactor chamber before pulse injections o f the 
adsorbate gases were made. The pulse/injections are continued until maximum extent of 
adsorption was reached (witnessed by breakthrough of the particular gas being monitored). A 
few more injections are performed after breakthrough to ensure that the sample is completely 
saturated by the adsorbate. Then the sample was left in the inert gas stream to desorb any 
weakly adsorbed molecules before TPD was performed on the sample, at lOK/min. Finally, 
the carrier gas was switched from the sample reactor back to bypass mode and a final set of 
calibrations performed.
1.9.5 RGA-MS experimental parameters.
An inert gas such as Nj (RMM. 28, m /e  peaks 28, 14) or Ar (RMM.40, m /e  peaks 40 and 20 
(doubly charged ion)) were used as carrier gases. The RGA provides a real time 
adsorption/desorption m /e  fingerprint of the sample activity detected approximately 5-20 
seconds after the activity has occurred. It could be used in pulse injection mode or in 
continuous mode. The instrument can be set-up to selectively monitor multiple ions (MIM 
mode), and present them as a scan on the same screen or it can be used in analogue mode, to 
give an indication o f aU the m /e  ions in the gas stream over a m /e  scan range i.e. aU ions in the 
range up to m /e  50 etc. or all in the range m /z 100-200 etc. In this mode aU the isotopes of a 
molecule wiU be identified, but there is no way to obtain a quantifiable result in this mode, 
whereas in MIM mode the quantity of gas produced firom a reaction can be assessed (From 
10-7 to 10-15). Blank (reactor and silica wool only) runs were performed before use along 
with gas calibrations to check that the instrument and experimental set-up gave reproducible 
results.
1.9.6 Experimental problems
The pollutants (gaseous adsorbents) chosen were HFC-134a and NH 3. The author found pure 
ammonia (99.98%) a problematic gas to use. Pressure build up caused by the volume change 
from the NH 3 gas canister outlet into the smallest of the sample loops led to the N H 3 
condensing within the loops^^ (ammonia condenses back into liquid form more easily than 
most gases due largely to its hydrogen bonding characteristics^^). This led to non­
homogen eous and/or delayed N H 3 signal peaks in preliminary test runs and therefore the 
sample loop injection method was abandoned in favour o f manual injections. Manual
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injections, however, were expected to be subject to greater sampling errors and a small amount 
of air entering the system with each pulse injection was always likely and so this needed to be 
assessed (along with systematic errors) before the run was started. A small amount of 
moisture present as an impurity within the Ar carrier and the NH 3 (even at 99.98% purity) 
could not be ruled out completely, but incorporating filters to dry out or purify the gases 
would defeat the object of developing materials robust enough for real world applications such 
as pollution control and gas masks materials etc. More information on the processes and 
procedures described within this chapter can be found in the chapters that follow where work 
is documented that incorporated the specific process mentioned.
1.9.7 OBJECTIVE OF PROJECT
The specific objectives o f this study were to synthesize and grow zeolites LTA (4A) and NaX 
(13X — Faujasite type) zeolite crystals within the macropores of unmodified natural and an 
unmodified synthetic carbon substrate and assess their suitability for control o f pollutants that 
can damage the environment and human health. Zeolite/carbon composite materials could, it 
was hoped, control a wider range of pollutants and toxic agents than is possible with either the 
zeolite or the carbon alone. Once synthesised and characterized, the composite materials 
would have their adsorptive properties assessed and compared with separate zeolite and 
carbon material properties.
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CHAPTER 2
GROWTH OF LTA ZEOLITE IN UNMODIFIED MACROPOROUS 
CARBONS USING HYDROTHERMAL SYNTHESIS
SUMMARY
Linde Type A (LTA) zeolite has been successfully grown in the macrostructure of carbon 
substrates by hydrothermal synthesis. Two unmodified carbons (i.e. MAST NOVACARB™ 
monolithic and willow charcoal) were used. Within such hosts LTA crystals grow without 
blocking the meso or micropores of the carbon substrate and so it is expected that fluid 
transport through the substrate will not be hindered. If the adsorptive properties remain (or 
show synergy) then such zeolite/carbon composites could be of interest in control of a wider 
range of pollutants and toxic agents than previously was possible with either the zeolite or the 
carbon alone. In addition, it should be possible to regenerate these composites rapidly by 
resistive heating using the conductivity of the carbon substrate (refer to Chapter 5, section 
5.8.1). Interestingly, calcination of the zeolite/carbon composite produced a zeolite-only 
structure that was a replica of the gasified carbon substrate. No modification of the carbon 
surface was required when synthesising LTA zeolite within the pores of the carbon as is the 
case in zeolite film or membrane growth. Other research suggests carbons need to be 
modified/acid treated to negate 'natural’ hydrophobicity in order to marry them with zeolites 
and aluminosilicates. This lack of carbon modification here is advantageous and novel, not 
only to reduce production and environmental costs, but also because modification of the 
carbon using harsh chemicals could well weaken the carbons and/or promote side reactions. 
Unfortunately despite the environmental advantage connected with the use of natural 
materials in chemical processes, SEM-EDX on the willow carbon suggests that metal 
'impurities’ naturally present in the willow composition may be problematic and use of this 
natural material as a zeolite substrate is therefore probably not ideal. Results of batch to batch 
synthesis suggested the natural carbons were unlikely to produce materials of consistent 
quality.
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2.0.0 INTRODUCTION
Zeolites and carbons are often used to adsorb and control liquid and gas phase pollutants and 
toxic agents; there are many instances where one needs to control a combination of pollutants. 
In such fields composites have advantages over sequential beds if they exhibit faster 
heat/mass transfer to the supported zeolites with lower pressure drops^’ Supported zeolites 
as films and membranes are already known/'^^ but the advantage of a carbon-hosted in pore 
zeolite composite is that the substrate does not undergo dissolution in the zeolite synthesizing 
solutions^^’^ ’. In this chapter the author provides background information on the carbon and 
zeolite precursors and considers the synthesis and properties of zeolite/carbon composites, 
focusing on the synthesis of LTA within the pores of willow carbon and synthetic carbon 
MAST NOVACARB.^'
2.1.0 TH E CARBON SUPPORT (see also: Chapter 1, section l.l.G-1.1.2)
Amorphous carbon can be activated by heat or chemical treatment to increase its pore size, 
create a larger internal surface area and enhance its adsorption potential. NHj adsorption is 
considered in Chapter 4, section 4.1.0 and HFC-134a in Chapter 5, section 5.2.0. Natural raw 
carbons (coconut husk and woods such as pine, willow and rattan) produce unique porous 
carbons with Uttle pore volume in the mesopore (2-50nm) and macropore (> 50nm) range. 
These finer pores dramatically slow flow rates in carbons and some molecules are much too 
large to enter the pores. This can be problematic for many adsorption processes. Activating 
the carbons increases meso porosity, encouraging adsorption of larger molecules, but the 
carbon structure can be weakened.
2.1.1 Phenolic resin activated carbon precursors
Synthetic activated carbon precursors tend to be phenolic resin or furfuryl alcohol. The less 
viscous furfuryl alcohol can be used to imprégnant ‘templating’ structures^’ as it can be made 
to polymerise into the thermosetting resin, poly(furfuryl alcohol) by treating with acids, heat 
or catalysts^’. The more viscous (clay Hke) phenolic resin is moulded into structures (such as 
beads and monoliths) and was the type of synthetic carbon precursor used to form the 
monoliths in this research work^ ®. Phenolic resin is extremely dense and so to help generate 
pores ethylene glycol is used, thus synthetic carbons can be specifically tailored to encourage 
the desired properties^®. Graphite can be added during the precursor stage to increase axial 
conductivity and graphite (in minute quantities) has recently been found to increase the 
thermal stability and strength of polymer materials, (without imparting a brittle quality).^^
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Therefore the graphite may increase the material’s thermal strength without reducing the 
malleability of the phenolic resin precursor. Carbons that can be electrically heated to 
regenerate need a high resistivity and so these type of carbons need to be formed from low 
graphidzed carbons. Fortunately phenolic resin does not graphitize easily, unless extreme 
temperatures are used (above 1273K for a number of hours)Act ivat ion of synthetic carbon 
fully requires heats up to 1073K, at low pOj. Activation of the synthetic carbons used in this 
study is normally carried out in COg. The porous MAST’^  ^carbon monolith used in this study 
was described in Chapter 1, section 1.1.2. Its cell structure channel size was 0.5-lmm as was 
its wall thickness. Carbonised, not activated, monolith has been used for all work, unless 
otherwise stated. Even a carbonised synthetic carbon has surface area of >500m"/g. Again, 
the carbon is viewed merely as a regenerable substrate for zeolites.
2.2.0 ZEOLITES (see also section 1.2.0)
The numerous and complex structures of zeolites occur because of the ways in which 
tetrahedral groups link by O sharing. The zeolite structure is extremely important as this will 
influence its degree of hydration, density and stability when dehydrated (50% volume may be 
void), cation exchange and catalytic properties, gas/vapour adsorption and pore/channel 
size^ "^^ . According to Breck^ an aluminosihcate is only considered a zeolite if the framework 
is based on a 3D network of AlOf and SiO^ tetrahedra linked to each other via the O. 
Octahedral/tetrahedral networks and non-crystalline (amorphous) aluminosilicates are not 
considered zeolites, but permutites (though they are just as useful and often used for ion 
exchange in water softeners etc).^ "^^ ®
NHj with a kinetic diameter even smaller than H, (2.6À and 2.65Â respectively) would be 
expected to be small enough to be adsorbed by even the smallest cage zeolites, for instance H- 
SOD of sodalite cage diameter 2.1K  (refer to Chapter 6 , section 6.6.0). However, size is not 
the only property that influences the adsorbent adsorbate properties in zeolites and NHj is a 
polar molecule with a dipole moment of 1.47 debye units. Hence, adsorbate polarity, pressure, 
temperature and the nature of the gas and the solid are also factors in defining the quantity of 
gas or liquid adsorbed. Therefore the polar molecule water (1.85 debye units) is also strongly 
adsorbed on zeolites and most adsorption work is therefore carried out on dehydrated 
zeolites. The zeolites channels then are often occupied by cations and water molecules. The 
cations are sometimes exchangeable^®. Incorporating metals into the framework by ion 
exchange allows zeolites to serve as oxidation or reduction catalysts that enable atmospheric
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pollutants to be more easily removed. Cation exchange has a strong effect on adsorption, due 
to its influence on the zeolite pore size. For instance Na^ exchanged for Ca^  ^ considerably 
decreased the extent of N , adsorption (in chabazite), while rich forms adsorbed almost no 
N2 at all."’ This strengthens the case for using synthetic rather than natural zeolites. Many 
natural specimens of analcime have been analysed, but only one was found to adsorb Nj, Ar, 
CH4 and CjHg (the species containing Ca^  ^rather than Na^ as the cation).^ ®
2.3.0 OBJECTIVE
The specific objective o f the work in this chapter is to synthesize and grow LTA zeohte 
crystals in the macropores and macrochannels of an unmodified natural and an unmodified 
ynthetk carbon substrate to assess the composite for suitability in control of pollutants that can 
damage the environment and human health.
2.4.0 EXPERIMENTAL
The successful growth of zeolite LTA (4A) in the macrostructure of carbon substrates by 
hydrothermal synthesis is now described. Two unmodified carbons (i.e. MAST 
NOVACARB™ monolithic and willow charcoal) have been used. It was expected that LTA 
zeolite crystals^ "^  in the macro texture of the carbons would be too large to enter and block the 
host micropores®^, which, had it occurred, the author thought would have been detrimental for 
fluid transport.
2.4.1. Supports and their pre-treatment
Two carbon hosts with macro-channels/ pores were used without prior chemical modification: 
(i) willow carbon (3cm x 0.5cm diameter; total surface area 24m^g'^; see Figure 2.0.3) and (ii) 
MAST™ carbon synthetic monolith (diameter 3cm x 0.1cm; 39 cells per cm ;^ total surface area 
610m^g'^; see Figure 2.0.5) Pre-dried carbon substrates (16h at 373K) were used in all 
experimental work.
2.4.2 Synthesis of LTA zeolite in the carbon pores
LTA zeohte was synthesised using a simple hydrothermal method^^. The composition of the 
LTA synthesis solution (3.165 Na^O: AI2O 3. 1.926 SiO^ I 2 8 H 2O) was expected to give N a^2 
[(A102)i2(Si02)iJ.27H20. First 0.363g of analytical grade NaOH (Fisher) was dissolved in 
40cm® of water and into this sodium metasikcate nonahydrate (laboratory grade Fisher, 15.48g)
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was introduced. Second 0.363g of NaOH was dissolved into 40cm® of water and sodium 
aluminate (laboratory grade Fisher, 8.26g) was introduced. Two syntheses: (i) a sodium 
aluminate pre-dipping and (ii) sodium metasikcate pre-dipping were used. The carbon sample 
was added to one of the solutions and then the other solution was introduced to give a thick 
gel. In a third method the carbon was dipped into the pre-formed gel. In each case the sample 
was vigorously shaken for S-lOinin"'* and then the gel and carbon samples were aged at 373K 
for 12h. The carbon was removed, cooled and washed with 1dm® deionised water to pH 9 and 
then dried in an air oven for 16h at 373K.
2.4.3 Characterisation by SEM — EDX Methods
LTA/carbon composites were characterised as described in Chapter 1, section 1.8.0. SEM- 
EDX was performed to characterise the morphology of the composite samples synthesised
SEM uses electrons rather than kght to obtain an image. In order to do this the focus section 
of the material is bombarded by a beam of highly energetic electrons (known as primary 
electrons) which are formed by the electron source and accelerated toward the specimen using 
a positive electrical potential
Filament
Wehnelt Cap 
(negative potential)
Space Charge
ilectron Beam
Anode Plate 
(positive potential)
Figure 2.0.0 Schematic of a thermionic electron ‘GUN’"^'
Apertures and magnetic lenses focus the electrons into a thin, beam of uniform 
energy/wavelength."^'^’ The stream of electrons is condensed by a sequence of two condenser 
lens and apertures. The condensers form and kmit tlie amount of current in the beam while 
the apertures eliminate high-angle electrons from tlie beam."’’”  The beam obtains information 
by scanning the sample at a set scan speed. Then, the objective (final lens), focuses the beam 
onto the part of the material desired."’’"’ WFen the primary’ electrons bombard the sample they
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dislodge electrons within the material producing secondar}- electrons (collected by a positively 
biased detector). The primary electron beam also results in backscattered electrons from the 
material. Backscattered electrons are of laigher energy than secondary electrons, and have a 
definite direction. As such, they cannot be collected by a secondary electron detector, unless 
the detector is directly in their path of travel.’ ’^
Virtual Source
First Condenser Lens
Conde nser Aperture 
Second Condenser Lens
Objective Aperture
Objective Lens 
Sample
Figure 2.0.1 Schematic of SEM instrumental electron focusing’^
The reactions in the diagram below occur when electrons bombard an SEM sample.^
tnckient e “
^ Backscattered é
/
Aug@r
at hoda luminescence
Interaction
Volume
Figure 2.0.2 Schematic of sample bombarded with focused primary electrons"
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Primary electrons are backscattered when they collide with an electron in the specimen directly 
in their path and are then scattered "backward" 180 degrees.^^’^® Secondary electrons occur 
when the primary electrons pass close enough to impart energy to ionize the specimen 
electron. The ionized ‘secondary’ electron then leaves the atom with a very small kinetic 
energy (5eV). Each primary electron can produce several secondary electrons as they are 
deflected through the sample.^ ®"^ ® An auger electron is produced due to a vacancy that occurs 
within an atomic shell after a secondary electron is emitted and a higher energy electron from 
the same atom fills the vacancy creating an energy surplus in the atom which can be corrected 
by emitting an outer (lower energy) electron (an Auger Electron) X-rays are also caused in 
a similar way to Auger electrons since when a secondary electrons is emitted from the atom 
and an inner (lower energy) shell vacancy is once again filled by a higher energy electron. The 
higher energy electrons balance the total energy of the atom by emitting X-rays as it fills the 
vacancy.^®’
X-rays from each atom have a characteristic energy unique to the element and so the X-ray 
signals can be used to give an atomic % indication of the elements present within the 
sample/material of interest as well a visual image. ^
2.5.0 RESULTS AND DISCUSSION
2.5.1 Willow carbon SEM and EDX
Willow charcoal carbon (artists charcoal sticks, T.N. Lawrence) was used for the experimental 
work as it was carbonised without the use of chemical additives. Willow has small longitudinal 
channels derived directly from the wood cell structure. It also has transverse and radial 
permeability (K) in channels^^’ that will be much smaller than in the longitudinal direction 
(Figure 2.0.3a) and thus less important in the present work. Even though these transverse 
cells are bigger (Figure 2.0.3b) they are not strongly interconnected and are not easily filled by 
precursor solutions. Micrographs of willow carbon (Figure 203a-Q show the wood cell 
structure is predominantly made up of 2  regions: the outer region consists of small 
longitudinal channels running parallel to the inner region of transverse structure that appears 
to be of lower density ‘air pockets’ that may be inaccessible to the LTA precursor gel (after 
hydrothermal treatment this region was shown to be devoid of LTA crystals). BET Nj 
adsorption results (Figure 2.1.7) also suggest fluid transport is limited in this region, as the 
surface area was expected to be greater than was found experimentally. An EDX  of the 
willow charcoal confirmed the presence of Al, K  and Ca as well as C (see Figure 2.0.4)
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%(a) Longitudinal cut (1mm scale);
' lOOpm
(b)Transverse cells (lOOpm scale)
#K
' 40;m ' ;0|jm
(c) Longitudinal channels (40pm scale); (d) Longitudinal channels (20pm scale)
(e) Third type cells in longitudinal region (4pm) and (Q Longitudinal channels ~ 8 pm 
Figure 2.0.3 SEM micrographs of willow carbon
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Figure 2.0.4. EDX of willow charcoal (Figure 2.0.3(e)) indicates Al, K and Ca are present 
2.5.2 MAST NOVACARB™ SEM micrographs and EDX
The structure of the synthetic MAST^'^carbon monolith comprised two scales (see Figure
2.0.5): the visible channel structure of the monolith (a) —700 pm^ and the space between the 
particles that make up the walls of the monoliths (b) ~ 8  pm average diameter.
(a) MAST^^  ^channels (1mm scale) and b) MAST*'^  ^(400pm scale)
(c) IvlAST^ '^ (20pm scale) and (b)Texture of channel walls (9pm scale) 
Figure 2.0.5. Micrographs of hlAST^^'carbon monohth
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Figure 2.0.6, EDX of MAST™carboti monolith shown in Figure 2.0.5(c)
The synthetic carbon contained fewer impurities than the natural willow carbon and so EDX 
only occasionally revealed the Al contamination. Carbon impurities can be the result of 
furnace contamination as carbons strongly adsorb metals from furnaces (see Appendix 2 , for 
tabulated EDX of MAST^ carbon elemental analysis and MASf^'carbon elemental analysis 
residues when oxidised in different furnaces).
2.5.3 Zeolite from free solution
SEM-EDX (Figure 2.0.7) was used to probe the morphology and composition of LTA cr '^sals 
grown in free solution. These appeared to be 1pm in size and cubic. Atomic amounts of 
Al/Si/Na in a ratio 1:1:1 is consistent with LTA (Nai2Al,2Sii2 0 _^g (HzO)^ ?). In addition XRD 
(Figure 2.0.8) indicates a crystal structure unit cell size consistent with that of the calculated 
pattern of 01-073-2340, indicating that die desired LTA zeolite had been synthesised.
'b) 'W  I #  # #
Figure 2.0.7. (a) Synthesised LTA (8 pm scale) and (b) its EDX scan
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Figure 2.0.8 XRD of LTA crystals shown in Figure 2.0.7a.
2.5.4 Zeolite growth within carbons
Having confirmed the nature of LTA crystallisation from the free solution, crystallisation of 
LTA from solution within the carbons was now considered. This was easily performed by 
simply adding the carbons to the solutions and continuing with the hydrothermal process with 
carbon in the hydrothermal pots. LTA cr)\stals grown in the macropores and macro channels 
of the carbon samples are shown in Figure 2.0.9 (willow carbon with LTA in its pores) and 
Figure 2.13 (M AST^tarbon with LTA). The LTA crystals in both natural and synthetic 
carbon are smaller (at l|Im) than the expected 2-3|Xm,'*" but are similar in size and shape to 
those formed in free solution (see Figure 2.0.7). They are nonetheless of the cubic crystal (or 
dodecahedral)^^ morphology expected from this type of hydrothermal syntliesis in free 
solution.
2.5.4.1 LTA within willow carbon
F
f J È
a) End of willow charcoal showing LTA cr '^stals in pores (300pm) and (b) (30pm scale)
S.H.Jones 37 10/02/2010
(c) c  map (30pm scale) from area (b) and (d) Si map (30pm scale)
e) Al map (30pm scale)
0  : P M U
(f) EDX of willow pores containing LTA crystals (scale 30pm) of area shown in (c).
W F
%
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Figure 2.0.9 (a,b,g & h) Willow/ LTA scale 4-300pm and (c-Q EDX scan and maps of (b) 
Care must be taken when analysing natural materials for LTA or aluminosilicate inclusion, 
since natural material present in some of the willow carbon pores could be mistaken for LTA 
or other aluminosiHcates. To illustrate this, a willow pore containing natural plant materials 
but without LTA/aluminosilicate materials is shown in the Figure 2.10 (j). Figure 2.10 (i) 
willow with LTA crystals has been included also for comparison. An EDX scan of the SEM 
micrograph 2.10(j) is shown in Figure 2.10(k). (Refer to Appendix 2 for the EDX derived 
tabulated elemental analysis of willow and EDX of willow carbon residue).
Figure 2.10 (j) Micrographs and (k) EDX of willow charcoal showing P, K, Ca and Mg.
ITae elements present in the EDX scan (i.e. Ca, K, Mg and P, see Figure 2.10) are assumed to 
be naturally present within the plant material and unlikely to have been introduced during 
charcoal production since carbonisation of this material is entirely natural. The carbons are 
washed in pure spring water and tlien heated in sealed drums to form a partial vacuum so no 
chemicals are introduced during the carbonisation process.
LTA zeolite that formed on the outside of the willow shaft during syntliesis was shown to 
contain impurities such as P, Mg and Ca as well as the expected Al, Si and Na (Figure 2.11).
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Figure 2.11 EDX of outside willow shaft LTA crystals shown in Figure 2.12
30pma) b)
LTA on outside of willow sample shaft a) 100pm scale and b) 30pm scale.
I
c) willow core 400pm scale and d) willow core pockets 100pm scale. 
Figure 2.12 a-d. Micrographs of wiUow/LTA composite
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No LTA crystals were found in the willow carbon core (see Figure 2.12(c) and (d)). Therefore 
the central core ‘pockets’ appear to be inaccessible to the LTA cr}"stal precursor fluids.
2.5.4.2 Zeolite LTA within MAST carbon
Micrographs of MAST™/LTA composites and EDX profile (Figure 2.13) show that the LTA 
was also formed within the macropores of the carbon.
Figure 2.13. LTA zeolite in tlie pores of MAST^^  ^carbon (a-d)
m il k e y
Figure 2.14. EDX of the LTA crystals in Figure 2.13(d)
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These LTA crystals aggregated in the carbons but did not appear to completely obstruct the 
channels. Thus they are not expected to greatly hinder gas and liquid access to the pores o f the 
carbon host. This may be relevant to N 2 adsorption at 77K as described in section 2.5.8.
2.5.4 3 EDX-detived elemental composition of the LTA crystals
Table 2.1 gives the EDX-derived elemental composition of the LTA crystals produced in the 
free solution and the two carbons. The Al:Si atomic ratios are as expected of LTA zeolite {i.e. 
there are equal amounts of Si and Al) although there appear to be elevated levels o f Na in 
some areas. Natural willow carbon also contained P, Ca, K  and Mg. Atomic % composition 
also comprises carbon and oxygen: hence the low % shown.
Table 2.1 Atomic % composition of LTA crystals formed in different environments
Element Free Solution MastCarbon Willow Carbon
Al/Si expected 1.00 1.00 1.00
Al/Si seen 1.03 1.05 0.92
EDX  is only semi-quantitative and some variation in Al:Si ratio across the sample is to be 
expected. * Commercial 4A showed Al/Si = 0.98
2.5.5 Zeolite content
Gasification of the composites in air flow at 873K for lOh allowed the weight of the LTA in 
the carbon composites to be determined gravimetrically from the residues. The LTA content 
of MAST™carbon sodium aluminate pre-dipped composite (5.0±0.72wt %), the sodium 
metasilicate pre-dipped composite (3.7±0.13wt %) and the gel dipped composite (3.4±0.48wt 
%) results were similar to the results obtained for a gel dipped MAST™carbon/LTA 
composite using TGA (4.2% when heated to above 1073K). Such LTA concentrations are 
reasonable. WiUow/LTA composites were placed in an air furnace at 923K overnight then at 
1223K for 8h. (The wUlow composites were more difficult to gasify). The wiUow pre-dipped 
in sodium metasilicate (9.8±2.37wt%) and the non-dipped wiUow (7.8±3.15wt% LTA) again 
had LTA levels dose to that of a recently synthesised batch of gel-dipped LTA/wiUow 
samples analysed using TGA (i.e. 9.6% when heated to above 1073K). The LTA loading on 
wiUow samples appears to be consistently greater than on synthetic MAST^^'carbon. 
However, there was a variability of wt% loading on the naturally inhomogeneous wiUow 
carbon, LTA on wiUow composite samples synthesised in the same hydrothermal gel pot was 
4.65% to 10.95%. Substrate morphology and density appear to play a part in LTA adhesion
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(LTA ctystals adhered quite strongly to the outer ends of the willow carbon (Figure 2.12.a and 
b)). The denser hlASf^^carbon material is made up predominantly of micropores (0.8nm) so 
perhaps tliis region is inaccessible to the LTA gel. However, the macro and mesoporous sized 
spaces within the MAST™ are specifically ‘engineered’ to allow for fluid transport to the 
micropores and these also allowed hydrothermal gel transport into tire monolith (Figure 2.13). 
If the transverse texture of willow carbon is not, as assumed here, interconnected then one 
can understand why the LTA gel access is limited to the willow carbon longitudinal region. 
M/\ST™carbons can be engineered to ‘mimic’ natural carbon structures and thus allow for 
greater LTA loading (see Figure 2.15b). Nevertheless the zeolite content in these carbons is 
respectable for practical applications. It may be better to await a more detailed analysis of 
LTA levels in various carbon hosts before attributing differences in LTA loadings between 
MAST*^^carbon and WiUow Carbon based composites to particular carbon characteristics (e.g. 
surface, chemical or textural differences).
SEM micrographs show zeolite loading on end of wiUow carbon and a MAST rod (similar 
structured MAST synthetic carbon monoUth to willow) (see Figure 2.15 a & b)
m m
i l W
Figure 2.15.a) wiUow/LTA (end) 1mm scale and b) MAST/LTA rod 1mm scale 
2.5.6 XRD of carbon/LTA
Powder XRD profiles of carbons and composites were compared with the profile for LTA 
produced in free solution and reference (01-073-2340) data. The recipe used in this 
experiment included only sodium (with the Si/Al precursors) so should produce a 4A LTA 
zeolite. Potassium (1.38A) and calcium (1.00A) being larger/smaUer (and doubly charged) than 
sodium (I.O2 A) forces the unit cell to expand or contract. IFiis would be noticed in XRD as a
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slight peak shift that could be calculated using the reference cell for LTA 01-073-2340. Thus 
unit cell parameters were of considerable interest with regard to the willow/LTA carbon 
composite (since it was likely the host contained impurities such as K and Ca wliich might 
have been incorporated in LTA). The willow/LTA composite XRD profile showed peak 
height differences and extra peaks. Therefore in order to verify that the zeolite LTA grown 
within the willow channels was identical to that grown in the MAST^^' carbon, the unit cell 
parameters were calculated from peaks at approx 7, 10, 12.5, 16, 21.6, 24, 27 and 30 "20. 
These are shown in Table 2.2; clearly these unit cell parameters are in good agreement to the 
reference unit cell parameters.
Table 2.2 Unit cell dimensions calculated (±0.0001A )
LTA type Unit cell (A)
LTA/willow 24.575 (a = 0.02)
LTA/MAST Carbon 24.575 (n = 0.02)
Ref. cell 01-073-2340 24.610
2.5.7 XRD analysis LTA crystal structure assessment
Hence XRD of composites indicates that LTA zeolite has been successfully grown in both 
willow and MAST Carbon. However, there is a peak at 38"20 in the willow/LTA composite 
that was absent from the MAST Carbon/LTA composite or a hydro thermally-treated willow 
carbon blank. It must be concluded that the LTA (or precursor) interacts such that there are 
two crystalline phases formed (the expected LTA and a second crystalline phase). Figure 2.16 
a-d shows XRD profiles of carbons and carbon/LTA composites.
MAST^ ''^ /LTA composite
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Figure 2.16 XRDs ofMAST™/LTA (a) MAST™ (b), willow/LTA (c) and willow (d)
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2.5.8 Ng BET Adsorption
Total surface areas (Srpi) for the carbon hosts and composites deduced from isotherms in 
Figure 2.17(a — d) are tabulated in Table 2.3, along with selected pore volumes (PV). LTA 
zeolite incorporated into the carbon host was not expected to block pores or be detrimental to 
the carbon functionality in any way. This is because in MAST Carbon most of tire surface 
area is due to the micropores (<2nm) smaller than the LTA unit cell size (~2.4nm); its 
macropores are mainly useful to facilitate gas and liquid transport to its otirer pores.
Table 2.3. Surface areas and pore volume (PY+0.005cm'g’)
Sample B^ET 8 ) PV for pores 1.7-300nm (cm’g ')
MAST Carbon 535.3 0.019
MAST/LTA 515.2 0.021
Willow 23.7 0.019
Willow/LTA 21.4 0.015
Others'*  ^ have applied BET and BJLl analysis to N , adsorption data on zeolites at 77K but the 
authors appreciate the limitations of these analyses.
The BET Nj adsorption isotherms (Figure 2.17) are as expected for carbon materials though 
there were problems with desorption data for the willow charcoal isotherms and therefore 
desorption data are not included.
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Figure 2.17 N? isotherms at 77K on a) willow b) wiUow/LTA, c) MAST and d) MAST/LTA.
All points are adsorption points.
The isotherms indicate that the total surface area of MAST Carbon is lowered by Ll'A 
crystallization, while in wiUow charcoal, the related N , adsorption is slightly less affected by the 
LTA incorporation. Interestingly, triplicate measurements on commercial 4A (sigma M2135) 
and the LTA produced in free solution gave S^ gy average values (after outgas at 423K and 
523K) of only O.llm^/g and 6.72m^/g respectively. These are encouraging results that suggest 
that although LTA zeolite has formed in the pores and channels it is not blocking them 
significantly. The samples were outgassed at 523K for 6h+ before BET adsorption (TGA 
results of zeolite loading and residue can be found in section 2.5.10).
2.5.9 Gasification of carbon
Composite gasification was carried out at 873K in air to remove the carbon host and quantify 
the % zeolite within the carbon. Gasification produced a good zeolite replica of the initial 
MAST Carbon host (Figure 2.18) proving the zeolite was evenly distributed throughout the 
macropores of the carbon substrate. This may be a route to unsupported zeolite structures 
and membranes. The replicas are at present fragile but in future there may be scope for 
improvement. For example, an intermediate amorphous aluminosilicate thin layer ‘coat’ or 
colloidal silica coat could be used to ‘hold’ the zeolite crystals together after gasification of the 
carbons. Micrographs (Figure 2.19) indicate that the zeolite replica (of the sodium aluminate 
pre-dipped MAST™ carbon/LTA composite) after gasification is indeed LTA zeolite, with 
some amorphous material (possibly unreacted sodium aluminate). A similar effect was seen for 
all samples tested.
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a)
Figure 2.18 (a) MAST '^^  ^ template and (b) its zeolite replica after oxidation in air at 973K
A
Figure 2.19 (a) and (b) LTA zeolite replica at higher magnifications after C/Au sputtering. 
2.5.10 TGA analysis
TGA analysis has been performed on the recently-produced synthesised composites as well as 
a range of standards (zeolites LTA (4A), willow charcoal and MAST Carbons) for comparison. 
This work is important for accurate assessment of the zeolite content of the composites and 
will also give information on the temperatures to which the zeolites need to be outgassed 
before BET analysis or heated in order to perform efficiently. These zeolites strongly adsorb 
water and other molecules from air (COg etc.) so knowledge of the temperatures at wliich the 
water was removed is important to prepare the zeolites for maximum performance. Some of 
the TGA scans suggest that water was given off at lower temperatures and CO; at higher. The 
synthesised LTA had only just been produced and therefore the only molecules adsorbed must 
have been adsorbed from air, so only N,, O;, Ar, CO; or H ;0  are expected to be present. 
Some of the TGA results are attached (Figures 2.20 and 2.21). The TGAs were performed at 
lOK/min to 973K in an air flow.
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Figure 2.20. TGA of zeolite a) 4A Sigma Aldrich and b) LTA (synthesised) in air flow. 
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2.5.11 TGA analysis of willow carbon and composites
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Figure 2.21 a) TGA of Willow, b) Willow/LTA sonicated and c) manually shaken (in air flow) 
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A second batch of MAST Carbon/LTA and willow/LTA samples were synthesised to assess 
batch repeatability/reproducibility. The method produced composite materials of equal 
quality and zeolite loading. Then, in order to assess the importance of the shaking stage (when 
synthesising carbon/LTA composites), a third batch of samples were synthesised, (under 
identical conditions, but some samples were shaken and some were sonicated in order to 
agitate the gel). On assessing this batch by SEM and XRD there was no noticeable difference 
between the two types of agitation (although it is worth noting that not shaking at all produces 
amorphous material). Nevertheless, the cubic morphology of the sonicated crystals appears to 
be a little sharper (but this could be due to filament conditions). However, TGA results of the 
willow/LTA composites tell a different story. As can be seen in the TGA scans (Figure 2.21a) 
willow carbon blank appears to give up its gaseous molecules at (at least) five distinct 
temperatures. The first desorption starts at 598K 623K) and if we assume that the
carbon starts to oxidise (at the latest) after 683K, the peaks after this temperature are 
connected to the bum rates of the different regions of varying density of carbon within the 
willow. Therefore the other peaks should be the release of gaseous HgO and COg adsorbed 
from air on standing (as was shown in outgas scans performed on the synthetic carbons 
connected to an RGA-MS (refer to Chapter 6 for further work). Willow pores on the other 
hand, could be far too small to contain COj (kinetic diameter 3.3A) and may only contain HjO 
(kinetic diameter 2.65A). As stated, conditioning LTA 4A by heating desorbs the molecules 
H ,0  and CO2 below 773K and as willow is almost completely burned away (except for a 4% 
residue) at 773K then the willow/LTA sample agitated by sonicating gives an expected TGA 
result. Therefore this composite is likely to contain only two materials: LTA and willow 
carbon. The result with the shaken sample (see Figure 2.21.c) was completely unexpected as 
the weight loss/desorption above 873K can only be assigned to a third material. A review of 
the results from the sonicated LTA/willow sample (see Figure 2.21.b) rules out the possibility 
of reactions due to the LTA/willow forming a separate C/Si/Al phase, so it is more likely that 
either a non-homogeneous amorphous material is present within the composite initiating 
reactions/releasing gaseous molecules or decomposing at extremely high temperatures. Or the 
other possibility is that the metals naturally present within the willow material have combined 
with the precursor solution and formed other LTA zeolites. Thus there could be a small 
amount of Ca LTA or K  LTA etc. within the material; hence the zeolite pore size would be a 
combination of at least two (4A = NaLTA and 5A = CaLTA). A weight % residue in the 
shaken sample (Figure 2.21c) of 21% versus a 14% residue in the sonicated sample indicates a 
likelihood of other materials present, either amorphous (non-crystalline) precursor material in
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the shaken sample that is not apparent in the sonicated sample or the extra zeolite phase. The 
difference between the sonicated and shaken samples indicates that the energy provided by 
sonicating the samples encourages zeolite formation to occur at a different rate to the 
formation of zeolite within the shaken samples. Perhaps zeolites are formed too quickly for 
any chemical reactions to occur between LTA precursors materials and the metals witliin the 
willow carbon; whereas the LTA unit cells in the shaken sample (may form more slowly) 
allowing time for metal leaching and exchange to occur between the Na in the LTA precursor 
solution and the metals inherent to the willow carbon. Time constraints forbad further 
assessment as the author wished to continue working with the synthetic carbons since these 
were more likely to produce consistent homogeneous batch to batch results. Further work on 
a TGA-RGA-MS set up is required for a reliable analysis of degassed willow materials.
2.5.12 TGA analysis of MAST NOVACARB™ and composites
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Figure 2.22 a) MAST^’ b) MAST/LTA sonicated and c) MAST/LTA shaken TG A.
lOK/min in flowing air
The MAST^‘’^ '/LTA sonicated and shaken gave similar TGAs supporting the argument that 
metal impurities in the willow caused the differences in the willow/LTA shaken TGA scan.
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2.6.0 CONCLUSION
Previous studies '^ '^''^ "'^  ^ have stressed the importance of modifying the carbon in order to 
increase the number of surface functional groups that might be essential for zeolite growth. 
The presence of strongly acidic surface groups is also thought to favour the anchoring of the 
gel on the support before crystal formation."^’^ However, the present work suggests that 
growing LTA zeolite crystals in macro textured carbons requires no modification of the 
carbon host This is advantageous because carbon maintains greater mechanical strength. 
Furthermore, chemical modifiers may promote side reactions. In addition such modifications 
may increase production time and cost. Carbons, however, are produced and activated in 
many different ways and this (as well as the type o f coating used) may be a factor in 
deterrniriing whether surface modification is required. Others have explored carbon 
composites and catalysts '^^^ ^^ '^  ^ and seen the importance of preparative conditions on the 
zeolite loading achieved. It may well be that the carbon (natural and synthetic), properties 
(chemical and textural) and pre-treatment of the carbon host are critical in defining the type 
and extent of LTA/carbon composite formed. Metals within the willow carbon could be 
responsible for the higher loading level of LTA within this material and it does appears that 
the metals in willow carbon encourage growth of other zeolites as well as LTA 4A. TGA and 
XRD analysis support this argument as does work on rattan carbons (see chapter 3). The 
hydrothermal route chosen appears successful in producing well distributed clusters o f LTA 
crystals inside the carbon macro texture. These are spread evenly throughout the carbon 
structure without blocking the micropores of the carbon hosts. Synthetic MAST™carbon as a 
substrate for zeolite growth does appear to produce more homogeneous carbon/LTA 
composites than the natural carbons possibly due to the lack of metal ‘contaminants’ within 
the synthetic carbon material. In summary, a novel rapid route to zeolite/carbon composites is 
reported here.
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CHAPTER 3
SYNTHESIS OF NaX ZEOLITE IN THE MACROPORES 
OF UNMODIFIED CARBON SUPPORTS
SUMMARY
Zeolite NaX has been successfully grown in the macrostructure of carbon substrates by 
hydrothermal synthesis. Three unmodified carbon substrates (i.e. MAST NOVACARB^'^ 
monolithic, rattan and pine carbon) were used. Within such hosts NaX crystals grew without 
blocking the meso or micropores of the carbon substrate and it is expected that fluid transport 
through the substrate will not be hindered. Calcination of the zeolite/carbon composites 
produced a zeolite-only replica of the now gasified carbon substrate. Although fragility is 
currently an issue, there is scope to use these zeoUte-only structures in their own right. 
Further work to increase strength of this material may be required. SEM-EDX performed on 
the natural carbons and their NaX composites used in this study, suggest that metal 
‘impurities’ naturally present in the materials are problematic and increase the chance of 
producing zeolitic materials different from those required. Batch to batch consistency may be 
problematic with natural carbon materials. Loading of NaX zeolite on the substrate could be 
increased almost 300% (3.3%-9.6%) by increasing the soaking time of the substrates in the 
precursor solution. If  higher NaX levels are required, the loading can be increased 28-44% 
(on MAST substrates) by increasing the time the substrate remains in the synthetic solution 
and allowing the zeolite to gravity deposit and dry onto the substrate as a film. Composite 
materials that could be worthy competitors for pure zeolites can be produced in this way, (the 
44% zeolite loaded composites achieved in the latter stages o f this research have yet to be 
adsorption assessed). Extending the synthesis time though could produce different zeolites 
inside the substrate from that produced in the external free liquor as crystallization of the 
zeolite appears to continue within the carbon pores long after crystallization is arrested in the 
external solution. However, XRD and ^^ Si MAS-NMR analyses indicate that at the start of the 
synthesis process (within the first 14h) the rate of NaX zeolite synthesis within the carbons is 
1-2 h slower than in the external liquor.
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3.0.0 INTRODUCTION
Having successfully synthesised zeolite LTA (4A) in the macropofes of a natural and synthetic 
carbon substrate (Chapter 2) the author wished to ascertain if  the high silica content zeolite 
(NaX) could be grown just as easily within these same macropores of synthetic and natural 
carbons. As stated in Chapter 2 lack of carbon modification is advantageous not only to 
reduce production and environmental costs but also because modification of the carbon using 
harsh chemicals may well weaken the carbon and/or promote side reactions. NaX zeolite is a 
Faujasite type structure high silica zeolite (see Chapter 1) and as such is used for numerous 
catalytic and adsorption processes. However, within the field of pollution control and 
therefore the scope of this work, it is known to adsorb the environmentally problematic 
molecules HFC-134a^ ^  and NHj^'^ particularly well. Therefore successful growth of NaX 
zeolite within the macropores of carbon substrates was laudable.
3.1.0 OBJECTIVE
The specific objective of the work described in this chapter was to synthesize and grow NaX 
zeolite crystals in the macropores and macrochannels of unmodified natural and an unmodified 
^nthetic carbon substrate with a view to assessing their suitability in control of atmospheric 
pollutants (NH. in Chapter 4 and HFC-134a in Chapter 5).
3.2.0 EXPERIMENTAL
It was expected that NaX zeolite crystals in the macro texture of the carbons would be too 
large (at a NaX unit cell size of 2.5nm) to enter and block the host mesopores and 
micropores, which (had it occurred) could have been detrimental for fluid transport.
3.2.1. Supports
Carbon chemistry has been described in 1.1.0 and 2.1.0. Three carbon hosts with macro­
channels/pores were used without prior chemical modification: (i) rattan carbon (diameter 
3cm X 1cm; total surface area 6m^g '), (ii) pine carbon (diameter 3cm x 1cm; total surface area 
50m"g'^) and (üi) MAST™ carbon synthetic monolith (diameter 3cm x 1cm; 39 cells per cm“; 
total surface area 535m^g'^). Pre-dried carbon substrates (16h at 373K) were used in all 
experimental work. Rattan carbon has large (~ 500 pm in diameter) longitudinal channels 
derived directly from the wood cell structure, as well as much smaller longitudinal channels
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(=10pm diameter). It also has transverse permeability (K) in channels, but this is expected* '^^  ^
to be very much smaller than in the longitudinal direction and thus is much less important in 
the present work.
3.2.2 Synthesis of NaX zeolite in the carbon pores
NaX zeolite was synthesised using a simple hydrothermal method. The composition of the 
NaX synthesis solution (NagO: AljOj. Z.SSiOg. bHjO) was expected to give Na@^ 
[(AlOg)gg(Si02) ]0 j  .264H20^. This particular ratio was chosen to ensure zeolite X  and w/zeolite 
Y was produced. Zeolite X and Y are both Faujasite structures and differ only in the Si/Al 
ratio, where R = Ng/N^y For X the A1 ions in the unit cell vary from 96 to about 77 whereas 
in Y it is about 76 to 48 so the value of R varies from 1-1.5 for X  and 1.5-3 for Y^ . Therefore 
the (Thomson) Linde Type A recipe was used, with precursor ratios amended to produce 
calculated A1 ions per unit cell of 86 (to 106 Si ions) so an R value of 1.23 was expected. '^ '^^
A solution of NaOH was made up and split into 2 botdes, NaAlO? added to one bottie and 
the Na2Si0).5H20 added to the other. The carbon was added to the metasikcate solution. 
Since sodium aluminate has been observed to precipitate out of solution on standing, there 
was a possibility the solid could build up in the carbon pores. Then the two solutions were 
combined along with the carbon to form a strong gel. Greater zeoHte loading was achieved if 
the carbon substrate was given time for the sodium metasilicate to soak into all the carbon 
pores before combining the two liquids together; carbon could be left to soak for I h + i f  
desired. After shaking for 5-lOmin the solution was left to age overnight at room temperature, 
then placed in an oil bath for 12-16h at 372K ±  IK. Alternatively samples can be heated at 
353-358K for up to 5 weeks in an oven. In both synthetic methods the samples once removed 
and cooled are washed with deionised water to below pH 9, then dried in an air oven 
overnight at 373K.
3.2.3 Material Characterisation
NaX/carbon composites were characterised as described in 1.8.0. The XKD derived crystal 
structure was then compared with the calculated ICSD pattern for dehydrated Zeolite X 
(no.01-089-8235). ^^ Si MAS-NMR was used to assess the Si atom positions within the zeolite 
structure (isotopes of Si = 92.23% *^Si, 4.67% ^^ Si and 3.1% °^Si). ^^ Si was found in sufficient 
quantities for ^^ Si MAS-NMR to be performed on the zeolite synthesised.
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3.3.0 RESULTS AND DISCUSSION
3.3.1 Rattan carbon SEM and EDX
Figure 3.0.0 shows the carbonised wood cell structure of the rattan carbon and an EDX 
indicates its chemical composition. Natural rattan was found to naturally contain tlie metals S, 
Ca, Al, Si, K, Fe and small amounts of P. Rattan appears to contain these impurities in greater 
quantities than the willow carbon (see Chapter 2, section 2.5.4.1). Figure 3.0.0(e) and 
corresponding SEM-EDX (h) indicate these impurities.
S
W1
m
Rattan carbon structure (a) 1mm scale and (b) 600pm scale
Hairs/fibres inside rattan channels (c) 60pm scale and (d) 30pm scale
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iMaterial inside rattan channels (e) 400pm and (d) 100pm scale
%
<rrr
p  R « tt-? ^ 3 « rte i? ïî4 .e tïe  O u r s io t  ; 0 '0 0 0 1 « s v ,  -
(g) transverse pores inside the channels (10pm scale) and (h) EDX 400pm of micrograph (e) 
shows Al, Si, K, Fe, Mg and P within some of the rattan pores
FWW , a3«ï*p^ t^Citfv>CIP:CK3Ô fe&K»SV
EDX (a) indicating presence of Al, Si, K  and Fe (as expected) but also S and Ca 
Figure 3.0.0 Micrographs (a-g) and EDX (h and i) SEM and EDX profiles of rattan carbon
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3.3.2 Pine carbon
Pine carbon has a more homogeneous structure than rattan with more regular sized/shaped 
longitudinal pores as can be seen from the SEM micrographs (Figure 3.0.1). Tlie transverse 
pores are better defined than in the rattan carbon.
/ I  /
(b)"
Pine (a) 90” angle region 900pm (b) longitudinal pores 80pm scale (channels ~20-30pm)
(c) ' ^  ' (d) '
Transverse channels (c) 100pm scale and (d) 60pm scale (channel size ~20-30pm)
(e)' ^  (f)
(e) 100pm scale and (f) 60pm scale (pores connecting longitudinal channels indicate there 
could be fluid transport in some of the channels)
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(g) lOum scale and (h) EDX profiles indicating the chemical composition. Pores shown in 
Figure 3.0.1 (b and g) are the most common t)p)e pore found in pine
Figure 3.0.1. SEM micrograph (a-g) and EDX profiles (h) 100pm, (i) 1mm and QlOpm scale 
(baseline increased) taken at different regions of pine indicate metaEc elements naturally 
present in the pine substrate see also Figure 3.2 (page 87) and Appendix 2 (pine EDX data).
SEM-EDX from a number of regions confirms that the pine also contains metals within the 
carbon. ITiis is consistent with thermo-gravimetric analysis (TGA) of the samples performed 
in an air flow that indicated a residue of 3% (rattan 4%, MAST™ 0.3-1.7%). The pine carbon 
SEM micrographs and EDX (Figure 3.0.1) illustrate pine structure, texture and chemistry. K, 
Si, Al and Ca are naturally present in the pine carbon with (possibly) traces of Na, P and Mg. 
Pine and rattan were chosen for their wide channel sizes and similar structure to MAST^^' 
carbon. The wide channels are less likely to reduce fluidic (gas/liquid) flow during later 
adsorption experiments. The pine and rattan carbons were specially grown under controlled 
conditions by C. ZoUfrank (at Erlangan University) for work on biomorphous materials and 
no chemicals were used in the carbonisation process. Tlierefore the metal ‘contaminants’ 
present are either naturally part of the carbon composition from the growth soil or 
inadvertently adsorbed onto the carbons during the carbonisation process from a
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contaminated furnace (see Appendix 2 — residue analysis of MAST^^  ^ and willow carbons). 
However, C. ZoUfrank has indicated that the carbons are carbonised in a dedicated furnace.
3.3.3 MAST NOVACARB™ synthetic carbon SEM and EDX (see also 2.5.2)
The structure of the MAST NOVACARB^^' monoUth (Figure 3.0.2) is comprised of two 
scales; the visible channel structure of the monoUth (a -700 |Im“) and the space between the 
particles that make up the waUs of the monoUths (b =8 flm average diameter). The EDX 
indicates minute traces of Al (SOOppm) and Cl (800ppm) (Figure 3.0.2e). Such trace levels 
were not expected to interfere witli zeoUte NaX synthesis in the carbon substrate.
(a) 1mm scale bar and (b) 300pm scale
(c) 100pm and (d)30pm scale bars
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Figure 3.0.2. Micrographs of MAST^^  ^carbon monolitdi (a-d) and EDX (e)
3.3.4 Zeolite from free solution
XRD of the NaX zeolite crystals produced from two synthesis solutions were used to define 
their structure (Figure 3.0.3). These XRD profiles were consistent with that of a commercial 
Aldrich 13X sample and a 10 peak unit cell analysis (using Unitcell software) for ICSD 
dehydrated NaX (reference no. 01-089-8235) indicated that the crystal structure and unit cell 
size for NaX were in agreement.
Counts
fidrich 13X
Necipe 1 13x
10 20 30 40 50
Position [®2Theta]
Figure 3.0.3. XRD of NaX synthesised in free solution, a. synthesied NaX (13X) with TMAII, 
b. Aldrich commercial 13X, c. synthesised recipe 1 NaX (13X) without TMAII.
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3.4.0 NaX W IT H IN  MAST™ CARBON
Having confirmed the nature of NaX crystallization from free solution, the author considered 
NaX crystallization within MAST^’carbon. NaX crystals that grew in the pores of MA.ST^ *'^ * 
monolith are shown in Figures 3.0.4.
1
(a) 200pm and (b) 30pm
(c) 10pm scale and (d) 3pm scale bar
(e)' 10pm (f)' 10pm '
EDX map of (e) C and (Q Al relating to micrograph of (c).
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It
' E g
(g) ' 10pm ' (h) 10pm
EDX map of (g) Na and (h) Si relating to micrograph of (c).
6
Figure 3.0.4 SEM Micrographs (a-h) and EDX (i) of NaX grown in hhVST^ '^ ^
EDX elemental analysis (i.e. atomic % supports the argument that the zeolite formed in the 
carbon pores is in the Si/Al ratio expected for NaX (Table 3.1)
Table 3.1 Atom % composition of NaX cr)-stals formed in different environments
Element MAST composite Rattan composite Pine composite
Si/Al expected 1.23 1.23 1.23
Si / Al observed 1.22 1.29* 1 .3-1 .7
E D X  is only semi-quantitatm and some variation in S i jA l  ratio across the sample is to be expected.
* ratio is 1.3 to 2.9 in problem regions i.e. close to channel walls
Again NaX crystals aggregate in the carbon pores, but do not appear to completely obstruct 
the channels, so were not expected to greatly hinder fluid access to tlie pores of the carbon 
host.
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3.4.1 TGA analysis of NaX content when grown within MAST™carbon
TGA of the NaX/MAST NOVACARB™ carbon composite (Figure 3.0.5c.) suggest a 3.3- 
4.5% zeolite loading (variation between batches) on the carbon substrate. The zeolite loading 
on this particular carbon substrate is 4.5%, taking into account the volatile content of the 
zeolite (Figure 3.0.5b) and subtracting the residue (Figure 3.0.5a). For clarit)% the TGA 
composite residue 5% is made up of NaX and carbon residue; subtracting the substrate residue 
of —1.5% there is 3.5% NaX. However, NaX contains 24% volatiles (water, COg) and when 
heated at this temperature, zeolites normally reduce in weight by 24% due to volatiles released 
from the cavities. Therefore, if we consider that only 76 wt% of NaX would be available after 
heating to this temperature and calculate that in to the equation the actual wt % of zeolite NaX 
witliin the pores is 4.5%. All samples were heated at lOK/min to 973Kin air.
T e m p e ra tu re  (K>
MAST NO VAC substrate in air — residue analysis 1.6% residue
(b)
T e m p e ra tu re  (K> u r  V-d.5A “ A ■
NaX (recipe 1) indicates 24% H jO/volatiles content is lost at —423K
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1!
-a.e
f
-0.44C -
- 0.2
5.007
0.0
10OD80C-400 500
Temperature (K)
200
(c)
NaX/MAST^'^^ carbon composite 5% residue (NaX and carbon residue)
Figure 3.0.5. TGA scans (a)MAST NOVACARB^' (b) NaX and (c) MAST^VNaX composite
3.4.2 XRD of N aX /carbon
Low zeolite loading causes analysis problems in XRD as the 10 main peaks are used to calculate 
the unit cell and compare it to the dehydrated NaX ICSD pattern no.01-089-8235. Unitcell 
software compares only the cr)"stal structure and unit cell size of the material produced with that 
of a calculated pattern for NaX. With lower levels of zeolite in tlie composite it becomes more 
difficult to distinguish the peaks from the baseline and assess if zeolite NaX is indeed synthesised 
in the macropores of the M A S f carbon substrate as in low zeolite loading levels the 
amorphous carbon baseline overpowers the peaks (refer to Figure 3.0.6(a), (MAST™/NaX) and 
Figure 3.0.6(b) (MAST^^ carbon)). This issue can be addressed by burning off the carbon from 
the composite sample and assessing the residue for zeolite content using XRD and “’Si MAS- 
NMR (section 3.7.3 and 3.8.0) and/or increasing the zeolite loading levels. It is possible to 
increase the level of NaX loading by soaking the carbon substrate for an lh +  in the Na 
metasikcate solution before mixing with sodium aluminate (NaX loading increased to 9.6%) 
and/or hydrothermaUy synthesising for longer periods of time at lower temperatures (loading 
increased 28-44%). However, longer synthesis increased the chance of producing other types of 
zeokte than those required (refer to section 3.8.1).
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a)
n vyv
Counts
lastNaX R1 2nd batch 140209 5-65 8h_1
10000 -
2500 -
1 0 20 30
Position [°2Theta]
40 50 60
(b)
5-65 8h_1
10DOO -
2500 -
20 30
Position [°2Theta]
40 50 60
Counts
MastNaX
22500 -
10000  -
L Ju
2500 -
10 20 30
Position [°2Theta]
40 50 60
(c)
Figure 3.0.6. XRD scan of NaX/MAST^'^^ (a). 3.3% loading, (b) MAST^ *'^ ‘ carbon and (c) 28% 
loading. Cr^-stalline peaks above the amorphous carbon baseline are identified more easily
when loading is greater.
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3.4.3 BET N 2 analysis of MAST™ carbon/NaX
N 2 adsorption BET isotherms of carbon and NaX/MAST™ composite material at
77K are included in Figure 3.0.7. Isotherms suggest that carbon pores are not significantly 
affected by addition of zeolite. ZeoHte and composites were outgassed at 423K before N? BET 
adsorption; tltis temperature was too low to properly condition the zeoHte NaX and therefore 
the carbon substrate alone could be better assessed for NaX pore blockage NaX has greater 
surface area than carbonised (not activated) MAST and so a weU conditioned (above 523K) 
MAST/NaX composite at 3.3% zeoHte loading is expected to give a surface area of 545m^/g 
(28m^/g for NaX at 3.3% wt [NaX Recipe 1 = 846m^/g] and 517m^/g for MAST at 96.7% wt 
[MAST = 535m"/g]). Surface area for recipe 1 MAST/NaX composite was found to be 
507m“/g ‘^ and this means that the surface area is not significantly reduced in the NaX. The pore 
volume (based on BJH (adsorption) cumulative pore volume of pores 1.7-300nm) was increased 
in the composite. In MAST™ carbon substrate it was found to be 0.012cm^/g whereas in the 
composite was 0.017cmVg- Average pore diameter (BJII adsorption) also increased in the 
composite (average pore diameter was 2.6nm for MAST '^^  ^ but 3.3nm for IMAST'^YNaX). 
Outgassing at higher temperatures would improve the surface area by ‘conditioning’ the zeoHte 
witliin the sample. However, samples conditioned at optHnum temperature for substrate ratlier 
than zeoHte allow for a more accurate assessment of pore blockage.
BET N2 data at 77K
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Figure 3.0.7 N 2 BET adsorption at 77K of M A S T a n d  M A Sf^ '/N aX  adsorption only
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MAST/NaX composite at 28% NaX loading is expected to give surface area of 585m“/g  
(200m^/g for zeolite [NaX(TMAH) = 716m"'/g], 385m^/g for MAST [MAST = 535m^/g]). 
Results obtained suggested tliat MAST/NaX had a surface area of 523m^/g; hence the 
composite surface area was slightly reduced but not significantly by addition of NaX(TMAH). 
No/e: Addition of TM A H  is not the reason for the greater loading in thisparticidar sample as a non-TA'L4H 
‘geolite A4AST™ f N a X  composite synthesised mder the same conditions produced a loading of 44%. Homver, 
this 44% N a X  loading material has not yet been usedfor analysis and so is not included in the results.
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Figure 3.0.8 N , BET adsorption at 77K on MAST,™ MAST™/NaX and NaX, adsorption
points only.
3.4.4 N aX  film on MASTCARBON™
Other recipes for NaX synthesis were attempted in order to answer 3 questions.
1. Is there any advantage in using TMAII (for NaX crj^stal size or loading level)?
2. Are tlie ‘widely differing’ synthesis times important for zeolite crystal size/loading?
3. Would filtering the precursors be advantageous for crystal size/loading?
Despite wide-scale use of templating agents when synthesising zeolites’^  no advantage could 
be found here, in using a templating agent (such as TMAH) to synthesis zeolites. However, it is
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possible that TMAH incorporated into the zeolite structure improves the adsorption o f HFC- 
134a onto the zeolite NaX while dramatically decreasing the adsorption of NHj (see Chapters 
4 and 5). Nor was there any reason to filter the precursor solutions before synthesis. 
However, it is possible, that in order to produce zeolite crystals above ~3pm, TMAH and/or 
filtering could be important (if this was required). Use of TMAH is disadvantageous in terms 
of cost, toxicity and the need to remove it after synthesis.
The answer to question 2 is much more complicated, because although the author did not find 
a significant increase in zeolite crystal size, the zeolite loading on the carbon substrates was 
dramatically increased when using a slower zeolite synthesis method.
a) Despite the synthesis being expected to take 1 to 5 weeks when temperatures are 
reduced^"^ it was found here that zeolite is formed within the first week (based on 
XRD profiles of material taken on a weekly basis from the 5 week synthesis pot) and 
similarly structured further tests confirmed that synthesis occurred within 24h of that 
first week. It was therefore concluded that since the zeoHte crystals are already formed 
within 24h and removal of the substrate at this point produced a zeoHte loading of 
3.3% (for non-precursor soaked substrate/9.6% for sodium metasikcate soaked 
substrate) the zeoHte film (Figure 3.0.9a) on the MAST™ substrate is formed purely by 
gravity deposition. Therefore, the difference between a low loading of 9.6% and a 
heavier loading (28-44%) appeared to be caused by gravity deposition. Loading of 
zeoHte NaX onto the rattan carbon substrate however, was not significantly increased 
by a longer synthesis time, probably because rattan already has good zeoHte anchoring 
sites (hairs/fibres) within the channels (Figure 3.0.0c and d).
b) If the substrates were kept in the zeoHte synthesising solution for too long (5 weeks), 
the zeoHte crystals inside the substrate might continue to grow into the next phase 
zeoHte, whereas those outside the substrate (in the external synthesis fluid) stay as LTA 
or NaX crystals. This could be a means o f producing one type of zeoHte inside the 
substrate pores and another as an external film (see sections 3.7.3 and 3.8.0 and 
Chapter 6 further work). A long synthesis must be avoided if only one zeoHte type is 
desired as it is difficult to assess the zeoHte crystal structure inside the carbon substrate 
without removing the carbon and therefore completely destroying the zeoHte/carbon 
composite.
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There are two basic recipes for zeolite LTA and NaX, the Thompson recipe^ "^  and Charnels 
redpe^°. The Thompson recipe^^ is a straightforward 2 day hydrothermal synthesis at 372K (± 
IK.) and produces zeolite crystals without the use of seeding crystals or templating agents such 
as TMAH. This recipe was used to produce the first composite materials (recipe 1). A 3.3% 
loading of NaX crystals within the carbon substrate was achieved.
Charnels recipe^  ^ (of which the author found two versions) focuses on the production of larger 
sized NaX crystals and suggests filtering the precursors, using TMAH, and requires lower 
temperatures/longer synthesis times (e.g. 353K for 5 weeks or 358K for 3 weeks). This recipe 
was assessed here but alongside it and under identical conditions the Thompson recipe was 
compared. Therefore four samples were run: 1 and 2 the basic recipe (with/without filtering) 
and a and b (with/without TMAH). The author found no noticeable difference between the 
samples and therefore no reason to filter or use TMAH solution.
Regarding zeolite loading, however, there was a noticeable increase in the loading of zeolite on 
the substrate when using all four slower synthesis methods, because zeolite forms as a film as 
well as in the pores. Slowing down the zeolite crystal growth somewhat (from 6 to ~14h) 
probably does allow the zeolite precursor fluid more time to diffuse throughout the carbon 
pores before the crystals reach a limiting size and the substrate may become more responsive 
to the precursor liquid after it has been weakened/modified by soaking in the basic 
synthesising fluid. Increase in zeolite loading is mainly due to zeolite growth on the carbon 
substrates external surface by gravity deposition/settling of the zeolite onto the substrate 
surface (SEM micrographs and associated EDX can be found in Figure 3.0.9).
3.4.5 SEM -EDX of gravity-deposited N aX  crystals on MAST™ carbon
Micrographs o f MAST^'carbon NaX zeolite (5 week synthesis) are shown in Figure 3.0.9. 
The lighter NaX coating can be seen clearly in Figure 3.0.9a. (top view) and 3.0.9b.(side view). 
Zeolite synthesised in this way forms both as a film and in the carbon pores; film thickness is 
difficult to measure due to the surface undulation but appears to be a minimum of 10pm.
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200um
(a) NaX film on MAST NOVACARB^^* (inside channel)
(b) """" (c) ■ 400pm '
(b) NaX film on MAST and (c) EDX map of Si (Al and Na maps mhror tlie Si map but have
been excluded for brevity)
.
Figure 3.0.9. NaX film on MAST^^  ^(a) top view and (b) side view micrograph (c) Si map of 
area (b) and (d) EDX of the NaX/MAST™ film. The Si/Al ratio is as expected for NaX
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3.4.6 TGA of NaX film on MAST™ (5 week synthesis)
NaX/JMfVST™ (5 week synthesis) composite loading of NaX was gceater than in the 2 day 
syntliesis method. Calculations (taking into account carbon residue and volatiles content of 
NaX) based on TGA performed suggest a NaX loading of 28% (Figure 3.10). Once again the 
TGA was performed in flowing air at a rate of lOK/min from room temperature to 973K
123
- 0 .4
h.
•St
- 0.260 -
- 0.0
200 400 600
Tem perature (K)
Figure 3.10 TGA of MAST^^'/NaX (5 wk synthesis) 22% residue — 28% NaX loading. 
3.5.0 N aX  Z EO L IT E  FILMS W IT H IN  RATTAN CARBON
After hydrothermal treatment the smaller longitudinal channels of the rattan carbon appeared 
in SEM to be relatively devoid of NaX crystals, suggesting that the channel wall texture in this 
region is too smooth to provide a strong anchor for the NaX crystals. The large channels of 
the rattan carbon on the other hand were more liberally coated with NaX crystals, perhaps 
anchored by the ‘hairs/fibres’ visible on the large channel walls. The rattan (as previously 
stated) contains material within some of the larger channels that was shown by SEM-EDX to 
be mainly composed of the metals Al, Si, K  and Fe. The metals appear to have ion-exchanged 
with a small proportion of the Na~ ions in the NaX zeoHte during synthesis and if so this 
would alter the zeoHte cavity size in those zeoHte X unit cells affected. This would have an 
effect on the adsorption properties of the composite material, which could be advantageous 
(or detrimental) depending on the appHcation (i.e. the size of the molecules being adsorbed).
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However, this is not ideal with regard to producing materials that are batch to batch 
homogeneous as pore size inconsistencies are Hkely. BET Ng adsorption results suggested 
fluid transport is limited in the rattan carbon substrate, at least for molecules as large as N? (the 
rattan carbon surface area was expected to be significantly greater than was found 
experimentally 0.05-6m“/g). The surface area of the rattan carbon composite material was 
much greater (135m“/g) than the expected 98m"/g (calculated from 93m“/g  NaX (11% at 
864m"'/g) and 5m“/g  rattan carbon (89% at 6m^/g). SEM-EDX, XRD and TGA analyses 
were performed on the rattan carbon/NaX composite. As stated, perhaps due to the 
anchorage of the hairs/fibres in the channels of this carbon, within the rattan substrate the 
zeolite crystals are more likely to form as a film inside/along the channel walls, even in the 2 
day zeolite synthesis method,
3.5.1 SEM-EDX analysis of N aX  films o n /in  Rattan
hlicrographs of NaX zeolite in the rattan carbon pores can be found in Figure 3.11.
A
500pm(a) (b)
Rattan/NaX composite (a) micrograph with 500pm scale and (b) C map of (a)
(d) SOOurn 
(c) Al map and (d) Si map for (a)
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' 100pm 30pm
NaX in rattan channels (e) 100pm and (f) 30pm scale (NaX film was about 10pm thick)
(h) 30wm
(g) C map (li) Si map and (i) Al map for area (f)
Figure 3.11 (a-i) Micrograph and EDX elemental maps of rattan/NaX composite
SEM-EDX elemental maps (Figure 3.12 b-d) of the rattan carbon zeolite him layer, top coat 
and therefore formed at a few crystals distance to the channel walls (Figure 3.11 a, e and 
indicate the film synthesised is indeed of NaX zeolite, as expected. Only Na, Si and Al and O 
could be found in the zeolite by EDX. Eight other SEM-EDX analyses taken from a number 
of different sites and over a wide sample area (1 pm (single crystal) to 400pm) confirmed that 
the crystals formed are of Al, Si, Na and O. Even single ciystals found scattered throughout 
the rattan pores showed the presence of only Na, Al, Si and O. Crystals did not appear to have 
formed within the smaller pores of the rattan, which have smoother walls. Those that were 
found appeared to have been scattered into the pores (possibly during SEM preparation
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(Figure 3.12b)), but even so the levels of loading are quite good. However, loading variations 
between the batches were vast (5.3-11.3%).
4  _ ;> ;■  is - .
Figure 3.12. (a) Micrograph of NaX crystals on rattan (20pm scale), (b) scattered NaX crystals 
in smoother pore regions (100pm scale) and (c) EDX of crystals in (a) region.
3.5.2 SEM evidence of impurities for rattan carbon
Micrographs of rattan composites indicated some of the material synthesised close to the 
channel walls within the rattan pores contain K  and Ca, low levels of P and S and a trace of 
Mg. Idle crystals that formed in this region were not of the expected morphology (Figure 
3.13a). Fdie NaX cr}^ stals formed further away from the channel walls (i.e. layered onto other 
crj'stals etc.) have the expected NaX morphology (see previous section 3.5.1), suggesting the 
chemistry of the carbon substrate has an effect on the zeolite produced in the composites.
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Material close to rattan channel walls indicating areas of poorly formed crystals.
NaX crystals in rattan further from channel walls (typical NaX morphology makes for sharper,
clearer images)
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EDX (c, d and e) highlight impurities in the channel wall regions (Figure 3.13a)
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(Ç EDX of crystals away from channel walls (3.13b) have expected NaX composition 
Figure 3.13 (a and b) SEM micrographs of materials grown in rattan and EDX profiles (c-f)
The material close to the rattan channel walls was assessed several times (7 in total) and in all of 
the EDX scans, presence of K  and Ca was indicated. The material that was synthesised within 
the rattan pores indicates that the chemistry differs from that expected for zeolite NaX due to 
the presence of K and Ca and even low levels of P and S. Silica charges quite badly when 
performing SEM but even so these materials were much more difficult to image than the 
otliers due to badly formed zeolite type materials in the pores. This material also gave different 
Si/Al ratios at the different sites, idie Si/Al ratio varied from 1.3 to 2.9! A Si/Al ratio of 1.5-
3.0 (i.e. an increased Si content) suggests that in some of the cr^ s^tals zeolite Y may have 
formed rather dian zeolite X. The EDX that encompassed the largest area of crystals gave a 
value of 1.29 (1.3) so this figure has been used for the Si/Al ratios (Table 3.1). The level of K 
seen in some of the zeolite crystal sites was equal to Na and this would have a strong effect on 
the pores/cage size of the zeoHte being formed. Since the zeoHte pores or rather cages are 
dependent on the type of ions contained within the framework, K  exchanged with Na in a
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zeolite would result in a change in pore diameter (as would Ca). The NaX crystals produced in 
the same synthesis pot but external to the rattan carbon were, however, of the expected Si/Al 
ratios (i.e. a ratio between 1-1.5) thus ruling out the Likelihood that zeolite changes witliin rattan 
substrate are derived from precursor impurities.
It is worth mentioning at this point that it was impossible to use XRD to distinguish zeolite X 
from zeolite Y as the structure is identical (Faujasite); the only difference being unit cell size of 
the hydrated Na X (24.93 for a 1.25 Si/Al ratio zeolite) and NaY (24.73 for a 2.00 Si/Al ratio 
zeo lite )T h ere fo re , at different Si ratios the unit cell size differs slightly. According to the 
SEM-EDX analysis there is a combination of NaX and NaY within some of the natural carbon 
composites as well as ion exchanged metals such as K and Ca (amongst others). Therefore the 
combination of NaX and NaY with low levels of CaX and KX etc. within the composite 
structures would be impossible to assess using XRD. Investigation of the zeolite synthesised 
inside the rattan has been performed by removing the carbon substrate to assess the material 
using XRD and Si^ MAS-NMR. The results are explained further in this Chapter.
3.5.3 TGA of NaX grown within rattan carbon.
I GA assessment of the NaX/rattan composite and substrate suggested a NaX zeolite loading 
of 11% assuming that rattan/NaX composite TGA residue = NaX (zeolite and impurities). 
Subtracting the rattan residue 11.9% - 3.6% = 8.3% therefore leaves only zeolite. 
Degassed/dehydrated zeolite is 76% that of the starting product so the composite contains 
11% NaX. TGA was performed at lOK/min in flowing air from room temperature to 973K.
300
Temperature (K>
Rattan carbon substrate indicates a 3.6% residue in flowing air to 973K
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(b) Temperature <K)
NaX/rattan shows an 11.9% residue/ zeolite loading in flowing air to 973K 
Figure 3.14. TGA analysis of (a) rattan substrate and (b) NaX/rattan in flowing air
3.5.4 XRD of N aX  grown within rattan carbon
XRD of the rattan carbon, composite and NaX grown in free solution confirm that, overall, 
the zeolite grown on the rattan carbon is of the expected Faujasite structure (see Figure 3.15). 
Tlie amorphous rattan carbon baseline overlays the NaX/rattan carbon composite (Figure 
3.15a top) even at this level of loading. Nevertheless, a 10 peak unit cell software assessment 
confirms that the crystal stmcture and unit cell size of the synthesised zeolite compares well 
with the dehydrated Unitcell ICSD calculated pattern (reference code 01-089-8235) for NaX. 
There appears to be a second crystalline material formed within the carbon substrate. This was 
only evident in the XRD profile scan of NaX at greater loading levels (Figure 3.15b) and this 
phase may have been formed due to the metals present within the natural material.
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Figure 3.15 XRD profiles of (a) rattan/NaX composite 5% NaX loading (b) rattan/NaX 
composite 11% and (c) rattan carbon substrate
The rattan contained a material \vitliin some of its larger channels that was shown by SEM- 
RDX to be mainly composed of the metals Al, Si, K and Fe and these metals may well affect 
the growth of zeolites in these areas by attracting NaX precursor material then acting as 
chemical anchoring sites for NaX along with the physical anchoring sites attributed to the 
rattan fibres or ‘hairs’. SEM-EDX also suggested that the metals had ion-exchanged with a 
small proportion of the Na^ ions within the zeolite during synthesis and this would have
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altered the pore/cavity size of those zeolite unit cells affected. If so, this could have altered the 
adsorption properties of the zeolite within the composite material producing a positive or 
negative effect dependent on the fluid being adsorbed.
3.5.5. Ng BET of rattan carbon
BET N 2 adsorption results indicate a very small surface area for the rattan carbon substrate. 
Rattan carbon may contain pores that are too small to allow access to the molecule. Rattan 
carbon surface area was expected to be significantly greater than was found experimentally 
(0.05-6m^/g). The surface area of the rattan carbon/NaX composite material was much larger 
at (135m“) than expected (see Figure 3.16).
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Figure 3.16 BET isotherm to compare Rattan with Rattan/NaX, adsorption points only. 
(As can be seen in the above isotherm rattan carbon produced confusing Ng BET isotherms 
even after repeated attempts and increased outgas temperatures (max 623K) due to the small 
surface area (O.Sm^ " to 6m^/g maximum)
3.6.0. NaX ZEOLITE GROWN IN  PINE CARBON
3.6.1 SEM /EDX of NaX zeolite grown in pine carbon
SEM-EDX of the synthesised pine/NaX zeolite samples was carried out to assess morphology. 
Results are shown in Figure 3.17 (a-g).
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Figure 3.17 SEM of NaX/pine (a-c) and (d) 5pm scale have the expected morphology
Many of the NaX crystals in the pine/NaX composite are of the expected morphology (i.e. 
octahedron). However, K, Ca and trace levels of P and S are also present in the composite 
(Refer to the EDX elemental analysis (see Table 3.1) of pine/NaX in different regions). 
Differences will occur in the levels of C, O, Na, Al and Si throughout a composite sample 
depending on the region of focus (i.e. how much zeolite NaX is in that area of sample). Si/Al 
ratio should be —1.23 for NaX but in reality the values were found to be 1.30, 1.30,1.33,1.35, 
1.37, 1.39, 1.50, 1.60 and 1.71 in EDX elemental scans taken from 9 regions. One could take 
the mean value to be 1.43, but that would obscure tire heterogeneity. Thus, the mean value in 
this case would be misleading and inaccurate. Zeolite X has a Si/Al ratio of 1-1.5 with zeolite 
Y being in tire ratio of 1.5-3. Therefore in this sample the SEM-EDX data indicates that both 
zeolite X and zeolite Y crystals have been produced (zeolite Y in 3 regions of the composite 
with zeolite X in 6 regions of the composite) in a ratio of 1:3 (Y:X). This may be due to some 
Si naturally present in the pine substrate or the aluminate reacting with other metals in the
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sample and so not being available to form a zeolite structure with Si species. Na would 
normally be found in quantities equal to Al. Low Na levels in the EDX scans suggest the Al in 
the zeolite structure may be counterbalanced by metals found naturally in the pine. The zeolite 
precursor solution was the same in all three carbons (rattan, pine and MAST). Thus metals 
other than Si, Al and Na, can only stem from the substrate materials. Errors caused by Si 
charging limits SEM-EDX use as a quantitative assessment tool of compositions and the data 
must be used as an approximation only. Even so, it is dear that there are significant levds of 
zeolite Y as well as X  in this sample.
Table 3.2 EDX derived elemental analysis o f pine/NaX composite (shown in Figure 3.17)
Element Weight% Atomic% Element WeightVo Atomic% Element WeightVo Atomic%
C 28.16 39.85 C K 10.09 15.50 C 64.04 72.56
O 34.67 36.82 O K 45.35 52.31 O 26.70 22.71
Na 7.88 Ï8 2 N aK 26.06 2&92 Na 1.67 0.99
Al 11.48 7.23 AIK 6.89 4.71 Al 3.18 1.60
Si 16.58 10.03 SiK 9.68 6.36 Si 4J7 2.12
Sr 1.23 0.24 W M 1.94 0.20 K 0.05 0.02
Totals 100.00 Ratio=1.39 Totals 100.00 R= 1.35 Totals 100.00 Ratio= 1.33
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C 78.34 84.76 C 73.87 82.49 C K 58.52 73.93
O 14.58 11.84 O 14.44 12.10 O K 12.60 11.95
Na 1.61 0.91 Na 1.61 0.94 Na K 0.73 0.48
Al 2.13 1.03 Al 3.32 1.65 AIK 6.24 3.51
Si 3.04 1.41 Si 4.51 2.15 SiK 9.78 5.28
K 0.11 0.04 S 0.37 0.15 SK 2.65 1.25
Sr 0.20 0.03 Ca 1.20 0.40 CaK 9.48 3.59
Totals 100.00 Ratio=1.37 Sr 0.68 0.10 Totals 100.00 Ratio=1.50
Totals 100.00 Ratio= 1.30
Element Weight% Atomic% Element Weight% Atomic% Element Veight% Vtomic“/o
C 45.54 56.04 C 71.50 78.92 C 63.21 74.80
O 37.43 34.57 O 21.36 17.70 O 18.14 16.12
Na 5.39 3.46 Na 1.51 0.87 Na 2.48 1.54
Al 3.62 1.98 Mg 0.18 0.10 Al 4.29 2.26
Si 6.01 3.16 Al 1.58 0.78 Si 7.64 3.87
P 0.21 0.10 Si 2.14 1.01 P 0.20 0.09
S 0.10 0.05 P 0.21 0.09 S 0.11 0.05
K 1.25 0.47 S 0.31 0.13 K 2.42 0.88
Ca 0.45 0.17 K 0.74 0.25 Ca 0.56 0.20
Totals 100.00 R= 1.60 Ca 0.47 0.15 Cu 0.56 0.12
Total 100.00 R= 1.30 Zn 0.40 0.09
Totals 100.00 R= 1.71
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3.6.2 TGA of NaX  zeolite grown in pine carbon
TGA of the pine/NaX suggested that the loading was 9% taking into account the pine residue 
and water content of the NaX zeolite (see TGA scans Figure 3.18a and b. overleaf). Its zeolite 
loading was calculated by subtracting substrate residue/zeolite volatiles as previously stated. 
TGA was performed at lOK/min from room temperature to 973Kin flowing air.
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Figure 3.18. TGA of (a) Pine/zeolite shows residue 9.8% and (b) pine substrate residue =3.1%.
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3.6.3 XRD of NaX zeolite grown in pine carbon
The XRD of the composite confirms that the zeolite grown on the rattan carbon has the 
Faujasite (X/Y) structure (Figure 3.19a of low zeolite loading and b. of greater loading). The 
amorphous pine baseline is apparent, but the peaks are clear at both loadings. Calculations 
performed on the 10 main peaks using Unitcell software compared well with the ICSD 
calculated pattern (reference code 01-089-8235) confirming the Faujasite cubic crystal structure 
and unit cell size is achieved within pine/NaX composites.
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Figure 3.19. XRD profiles of pine/zeolite composites (a) low loading (b) greater loading
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3.6.4 Pine/zeolite synthesis discussion
Pine does not marry well with the zeolite and only produced composite material o f significant 
loading levels when the long synthesis time recipe was used. For instance, in 3 batch synthesis 
preparations using the 2 day synthesis recipe, crystals could not be found within the pores. In 
fact, in SEM micrographs of the first preparation, the NaX crystals (when they could be 
found) were loose and had the appearance o f having been ‘scattered’ into the pores 
inadvertently during SEM sample preparation. It is possible that in normal circumstances the 
walls of pine carbon are too smooth to anchor the zeolites to the pine substrate and so this is 
at least one carbon type that would probably benefit from chemical modification to produce 
good consistent composite materials. SEM images from the pine/NaX composite that was 
finally produced suggest that the NaX crystals are anchored relatively securely. Washing and 
agitation did not dislodge them. However, it is likely they were formed from gravity 
deposition after the pine had been weakened, due to the length of time the substrate remained 
in the alkaline synthesising solution. Longer synthesis times also allowed the zeolite precursor 
liquid more time to diffuse throughout the pine porous structure before the crystals reached a 
limiting size for pore mobility. Despite this latter success, the author feels that pine carbon 
would still be likely to need chemical modification to form consistent batches of pine/NaX 
composite due to the pine carbon’s inherent smooth channel wall structure.
3.7.0 ZEOLITE CONTENT
Zeolite deposition increased zeolite loading on the substrate channels. If the carbon was left in 
the zeolite solution after zeolite synthesis was complete and the formed zeolite crystals were 
allowed to settle, a zeolite layer could form on the carbon substrates. The film once dry is 
difficult to remove. Hence, although the presented approach is not a sophisticated process it 
could be a useful strategy to improve zeolite loading on carbon substrates.
3.7.1 Unit cell parameter calculations
In order to verify that the zeolite grown on the MASTCARBON™, rattan and pine was 
actually the zeolite NaX expected the unit cell parameters were calculated from peaks at approx 
6,10,12,15,18, 20,24,27, 31 and 38° 20. These are shown in Table 3.3. Clearly these unit cell 
parameters are similar to the reference unit cell parameters.
S.H.Jones 90 10/02/2010
Table 3.3 Unit cell dimensions calculated (±0.0001Â)
UnitceU ICSD calculated pattern (reference code 01-089-8235)
Zeolite X dehydrated - Sodium Aluminium Silicate - Cubic unit cell size 25.08Â
Sample name Code name
CeU 
size A Std. Dev.
95%
conf
Aldrich 13X sample 
Recipe 1 NaX 1st batch 
Recipe 1 NaX 2nd batch 
Mast NaX Recipe 1 2nd batch 
Rattan NaX Recipe 1 2nd batch 
NaX (5 week synthesis)
Rattan NaX (5 week - TMAH) 
Mast NaX (5 week - TMAH) 
Rattan NaX (5 week no TMAH) 
Mast NaX (5 week no TMAH)
Commercial 13X
RlNaXlstbatch
R1 NaX2ndbatch
MN aXRl 2ndbatch
RN aXRl 2ndbatch
lbNaX5WR
RNaX5WR
MNaX5WR
RNaX25WR
MNaX25\VR
24.90
24.92 
24.98 
25.01 
2 4 j#
24.94
24.94
24.93
25.00
25.01
0.00186
0.00186
0.00187
0.00188
0.00187
0.00187
0.00187
0.00187
0.00188
0.00188
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
XRD data indicated that the cubic crystalline structure and unit cell size of the zeolite materials 
synthesised within the carbons were that of NaX. NaX and NaY are both Faujasites so have 
the same crystal structure. However, NaY would have a unit cell size of 24.73A (Si ratio = 2). 
It must be concluded that in rattan carbon ‘metal impurities’ within the substrate caused two 
different crystalline phases to be formed (the expected N aX /Y and a second crystalline phase).
3.7.2 BET Ng adsorption at 77K
Total surface areas (Sgg^ ) fot carbon and composites are given in Table 3.4, with selected pore 
volumes (PV) and average pore diameters. NaX zeolite within carbon was not expected to 
block pores or be detrimental to the carbon functionality. In MASTCARBON™ most o f the 
surface area is due to micropores (<2nm), smaller than the NaX unit cell (2.5nm). Macropores 
are mainly to facilitate transport to the micropores.
Table 3.4 Surface areas (SgET+fz^'/ and pore volume (PV+O.OOSc'///^^ )
Sample ^BET (*** S  ) BJH adsorption 
pores 
1.7 - 300nm (cm^g' )^
BJH adsorption 
average pore diameter 
in nm
MAST™carbon 535 0.011828 2.5787
NaX/MAST(TMAH) 523 0.028527 3.9008
NaX/MAST recipe 1 507 0.016634 3.3184
Rattan 6 N o data given No data given
NaX/rattan (TMAH) 71 0.012602 14.9248
NaX/rattan recipe 1 135 0.027851 6.3576
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Please be aware that materials with pores too small to allow access to the would present as a 
material with very low surface area. However, if the pores were very small indeed only 
allowing access to molecules smaller than the standard nitrogen used, results would be 
misleading and a smaller molecules such as Hg (2.4Â) should be used for surface area analysis.
Table 3.5. Surface areas and TGA residue/zeolite loading
Sample SSA m^/g TGA-Residue/Zeolite loading %
MAST blank 535 0.5%
RATTAN 6 3.6%
PINE 50 3%
NaX Recipe 1 (in pores) 846 24% water content
MAST/NaX 507 13X loading — 3.3-3.6%
RATTAN/NaX 135 13X loading—5.3-11.3%
PIN E/N aX 44 13X loading —1.3%
NaX (TMAH) 716 25% water content
MAST/NaX (TMAH) 523 13X loading - 28%
RATTAN/NaX (TMAFI) 71 13X loading —10.9%
PIN E/N aX  (TMAH) 75 13X loading - 9%
NaX (no TMAH) 723 24% water content
MAST/NaX (no TMAH) 499 13X loading - 44%
RATTAN/NaX (no TMAH) 100 13X loading-20%
PIN E/N aX  (no TMAH) 73 13X loading -11%
3.7.3 Composite oxidation to remove carbon substrate
Removing the carbon from the composite samples by high temperature oxidation in air 
produces a zeolite-only template. The template suffers from a degree of fragility and therefore 
more experimentation to increase strength would be needed in order to use it in a stand alone 
state. The strength of the template can be increased (as suggested in section 2.6.9) Removal 
of the carbon illustrates the even distribution of the zeolite throughout the substrate and 
indicates that length o f the monolith is no obstacle to zeolite transport; monoliths of more 
than 30cm long have been used as substrates without noticeable zeolite transport hindrance. 
The zeolite template can be ground and XRD powder diffraction and ^^ Si MAS-NMR used to 
assess the type of zeolite inside the macropores. Images of the zeolite only template from 
MAST NOVACARB™ (Figure 3.20a,b) and rattan carbon (Figure 3.20c,d) are shown below.
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(a,b) Zeolite template from MAST NOVACARB^^' composite after carbon was removed
m i
(c,d) Zeolite-only template from rattan/NaX composite after carbon has been removed 
Figure 3.20a-d. Zeolite only templates (after carbon has been removed)
Regarding the rattan/NaX after the carbon was removed (Figure 3.20c and d) SEM 
micrographs and elemental EDX data led one to assume that NaX crystals form only in the 
large fibrous channels of the rattan substrate so zeolite is limited to that region. However, the 
residue of the template appears to tell a different story and suggests that either NaX crystals 
also form in the small transverse regions of the zeoHte (and as such cannot easily be identified 
in SEM) or, (as is believed by Ozako^^) nanocrystals of NaX are formed in the much smaller 
pores (also too small to be SEM imaged). Alternatively, the template could merely consist of a 
mixture of zeolite and natural rattan residue. Further work may confirm this.
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3.8.0 XRD AND ^Si MAS-NMR ASSESSMENT OF Z E O L IT E  TEM PLA TE
Over a five week synthesis, a portion of the synthesising solution was taken at weekly intervals 
to assess NaX synthesis and determine crystal formation versus time. The XRD however, 
indicated that the NaX had already formed within one week. Therefore to determine the exact 
point of crystallization within that week, a new run was commenced and samples taken out at 
24h intervals. This time XRD indicated NaX had formed within 24 hours and so once again a 
new run of 24h was started with samples removed at lh /2 h  intervals. The “’Si MAS-NMR 
scans (Figure 3.21) and XRD (Figure 3.23) are now shown.
|TaX synthesis solution 8 h
îfTaX synthesis solution 10 h
_î|TaX synthesis solution 11 h
■NaX synthesis solution 12 h
|TaX synthesis solution 13 h
|TaX synthesis solution 14 h
200 100 -100 [ppm]
Figure 3.21. "‘^ Si MAS-NMR of NaX crystals formed in free solution (outside the carbon)
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The NMR spectra of the zeolite material taken from the synthesising solution at l-2h intervals 
(Figure 3.21) indicated that the crystals formed were consistent with the ^Si MAS-NhlR 
expected formation for synthetic NaX and Si positions correlate well with NaX of Si ratio 1.19 
— 1.35 (Figure 3.22). It was also apparent that crystal formation was completed within 14h (at 
odds with the 3-5 weeks synthesis specified in recipes'" at tliese temperatures (353-358K)).
CSi/Al) = 1.03
O 2.00
4
3
1.35
2.35
2  5 6
1.59
2.61
1.67
1.87 2.75
-SO -90 -100-110 -SO -90 -100-110
Figure 3.22. ^Si MAS-NMR peak positions for synthetic NaX and NaY Si(«Al) lines^^
In a zeolite such as LTA with a Si/Al ratio of 1 the '^Si will always have an Al neighbour hence 
aU ^^ Si are in the same environment and are represented by a single peak. As we increase the Si 
content thus we increase the possibility of Si/Si coupling interaction and the ^Si is indicated in 
a number of different environments. A ratio of 1.25 as in the case of NaX would normally 
present as 5 peaks similar to that seen above in Figure 3.22 (Si/Al ratio 1.35). Tliree peaks are 
well resolved and seen at -85, -90 and -95, the other 2 peaks at -100 and -105 are generally less 
clear.^ The peaks can be assigned to Si(OAl)_„ Si(OAl),(OSi),, Si(OAl)2(OSi)2, Si(OAl),(OSi)^ 
and Si(OSi)^, tetrahedral units in the zeohte framework, respectively'^.
The powder XRD profiles of these same samples from the NaX synthesis solution support the 
NMR results and indicate that although cr)^stals are apparent at lOh amorphous material is still 
apparent until about I3h.
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Figure 3.23. XRD profiles of NaX synthesised in external liquor 10-14h 
Counts/s (y axis) versus 2" 0 (x axis )
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Assessing the state of the zeolite material synthesised inside the substrate macropores was 
difficult due to the low levels of zeolite within the composite (assuming a 3.6% NaX loading). 
Only 4.6% of the Si witiiin the NaX is ^^ Si and so even in a high Si content zeolite of 50% Si 
there would be less than 0.1% “^ Si within the sample. This is too little for a clear NMR 
assessment. Therefore the '^Si MAS-NMR scans of the composite materials give tlie 
impression that no zeohte cr ’^^ stals were formed until about 14h (see Figure 3.24).
MAST/NaX c o m p o s i t e  1 0 h:
MAST/NaX c o m p o s i t e  l l h
MAST/NaX c o m p o s i t e  1 2 h
MAST/NaX c o m p o s i t e  1 3 h
MAST/NaX c o m p o s i t e  1 4 h
1 I ' r  , 
200 100
V
1 ' ' r  ,
-100 [ppm]
Figure 3.24. ^Si MAS-NMR scans of MAST/NaX composite lü-14h
Removing the carbon and thus concentrating the zeohte aUows for a clearer indication of 
zeohte synthesis witliin the carbon structure (Figure 3.25).
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3.8.1 XRD and MAS-NMR scans of the composite residue after carbon removal
MÀST/NaX (carbon burn o f f )  8h
MAST/NaX (carbon burn o f f )  lOh
MAST/NaX (carbon burn o f f )  l l h
MAST/NaX (carbon burn o f f )  12 h.
I I^AST/NaX (carbon burn o f f )  13 h
MAST/NaX (carbon burn o f f )  14 h
200 100 -100 [ppm]
Figure 3.25. '^’Si MAS-NNIR of IVlAST/NaX composite after C removal by oxidation
^Si MAS-NMR of the composite residue after C removal indicates that zeolite was grown 
inside the carbon pores at a slightly slower rate than in the external zeolite synthesising 
solution. Zeolite crystals appear to be fairly well formed witlrin 12h in the external liquor, but
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took about an extra hour to form inside the carbon substrate. Powder XRD of the 
MAST/NaX zeolite residue also suggested the growth rate of crystals is slowed somewhat by 
the carbon substrate. The peak width (an indication of smaller sized crystals) at 14h is 
comparable with the 12h scan in the external crystals (compare figures 3.23 and 3.26).
lOh sam ple NaX burn off |
L u A > ^
i J
11 h NaX in MAST (burn of) .
IGh burn off a s s e s s  NaX
I a>iAJ
1j3h burn off a s s e s s  NaX
L jLi
1|4h burn off NaX
i l  A 1  J i ^ o L l u J j L u ijlJj0
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 I I 1 1 I
10 20 30 40 50 1
Figure 3.26 XRD profiles of MAST/NaX composites after C is removed by oxidation 
Counts/s (y axis) versus 2" 0 (x axis)
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This is not the case, however, when samples are allowed to remain in the synthesis solution for 
an extended period (see section 3.8.1 and H-Sod zeolite in Further Work of Chapter 6)
3.8.2. Composite samples left for extended periods in the synthesising solution
There is indication that the NaX crystals formed within the carbon strucmre continue to 
change crystal structure when kept in the synthesis solution for extended time periods (for 
instance 5 weeks) whereas for the zeolite crystals synthesised in the same pot, but in the 
solution external to the substrates, development was arrested after the NaX crystals were 
formed (see Further work in Chapter 6. ‘Hydroxo sodaHte crystal formation from LTA 
synthesis solution within the pores of carbon substrates’).
Figure 3.27 (a) NaX residue from MAST^‘ NOVACARB^^ and (b) from rattan substrate
A'Tien rattan carbon has been used as a substrate, otlier materials were likely to be produced 
alongside the expected NaX (see section 3.5, Zeolite growth within rattan). There is evidence 
to suggest NaY may have been produced, due to increased levels of Si naturally present within 
the rattan. There was even evidence (i.e. small extra peaks in the XRD scan of the rattan/NaX 
composite), suggesting that a completely different crystalline material may have been present, 
due perhaps to the other metals that are naturally found in the rattan carbon substrate. In tire 
MAST™ N O VAC ARB ^ (although the conditions and synthesis solution was identical) only 
zeolite NaX was normally witnessed. However, even when the substrate used was MAST^* '^ 
NOVACARB^and the synthesis time was extended, (i.e. to 1 week), changes could be seen in 
the zeolite crystals within the carbon pores, but not in the zeolite crystals from the external 
solution. These changes are highlighted by burning off the carbon and performing XRD on 
the residue (Figure 3.28). Residue analysis of the MAST'^'/NaX composites at just 14h of
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synthesis can be compared (Refer to Figure 3.26 -14h scan) to the "^ Si MAS-NMR residue after 
1 week in the synthesis solution (Figure 3.28).
Counts
MASTNaX burn off 1 week sample 04C609 5-65 8h_1
22500 -
10000 -
2500-
20 30 4010 50 60
Position [°2Theta]
Figure 3.28 MAST/NaX composite after carbon removal (1 week syntliesis)
Broad peaks in the XRD scan (Figure 3.28) normally indicate small or defective crystals; and 
this may be tme as it is possible that nano-sized zeolite crystals have formed within the smaller 
pores. However, the first three peaks have not noticeably increased in width. It is also 
relevant to note that there is a peak at the 13-14 position, that was not there at 14h and was not 
present in the external NaX Liquor. Therefore there was a clear indication that changes to tlie 
crystalline material in the carbon pores occurs over time.
A powder XRD scan of the zeolite/residue obtained from rattan/NaX carbon burn off, from 
a sample held in the synthesis solution for 1 week, illustrates the problems involved with using 
natural materials as substrates. The XRD scan confirms that tlie zeohte faujasite (synthetic 
X / \ ’) is likely to be present but other materials formed within the rattan substrate are 
unidentified. There is a possibility that LTA has also been formed inside the carbon, as a 
number of zeolites appear to be present. A combination of other zeolite materials, are possibly 
formed due to the metals naturally inherent in the rattan carbon chcmistr)i The metals could 
be incorporated into the zeolite structure either by ion exchange or incorporation into the 
aluminosihcate zeolite framework through isomorphous substitution of Al (according to 
Suzuki et aF^ ’ Fe can be readily incorporated as can Ga and B"’). It is clear that zeohte NaX is 
not the only material that has been synthesised within tliis carbon.
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Figure 3.29 (a) XRD profiles of rattan/NaX after C removal (b) Highscore search of phases 
most Likely to match. Predictions indicate NaY and LTA were present (amongst others)
Highscore software takes the peaks from the XRD scan and matches them with known 
materials of similar stmcture, based on the elements present within the material under review 
as well as the peak comparison. Zeolite Y and LTA were so identified as possible matches 
within the residue of this rattan/NaX composite.
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There is scope to carry out crystallite size analysis on the peaks to assess the possibility' of 
nano-sized crystals. ^Si MAS-NMR of the rattan/NaX composite sample (after the carbon 
was removed by oxidation) was assessed over a 1 week period. Peaks are not clearly NaX.
P .a t t a n /r J a X  1 w e e k  r u n
r^IAST/NaX 1 w e e k  r u n
I4A3T/NaX .5 w e e k  r u n
riAST/T'IaX 5 w e e k  c a r b o n  b u r n e d  o t f
R a t t a r v ' N a X  1 w e e k  c a r b o n  b u r n e d  o f f
P'lAST/NaX 1 w e e k  c a r b o n  b u r n e d  o f f
[ppm]-100200 100 0
Figure 3.30 “^ Si MAS-NMR of Rattan/NaX and MAST/NaX composite samples
The first 3 scans in Figure 3.30 are the rattan and MAST composites before carbon removal. 
There is not enough ^Si within the sample to give a result. The second 3 scans are duplicates 
of the first 3 after the carbon has been removed and the concentration of zeolite and therefore 
^Si is increased to a sufficiently liigh level whereby a result can be obtained. Although 
MAST/NaX shows signs of NaX zeolite peaks at 1 week, it is more difficult to predict its 
structure after a 5 weeks synthesis. The rattan material structure is difficult to predict even 
after 1 week in the synthesis solution.
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3.9.0 CONCLUSION
The present work suggests that the growth of NaX zeolite crystals in the pores of (and on the 
surface oQ macrotextured carbons such as MAST™ and rattan carbon requires no surface 
modification of the carbon host. Hydrothermal 1 to 5 week synthesis methods successfully 
produced strong films of NaX crystals onto the carbon substrates as well as in the carbon 
pores. Hydrothermal two-day synthesis appeared successful in producing an even distribution 
of NaX crystals throughout the carbon substrate, without blocking the pores of the carbon 
host, but did not encourage a large loading o f zeolite NaX on the carbon. NaX crystals grew 
well within the larger rattan pores apparently using the fibres or ‘hairs’ of the rattan carbon as 
anchors. Pine carbon/NaX composites were not easily produced and SEM-EDX indicated 
that NaX did not marry well with the pine carbon perhaps due to the smooth carbon texture 
and lack of anchorage sites. Interestingly, raising the hydrothermal aging time does not appear 
to influence zeolite crystal size (a hydrothermal synthesis of 5 weeks rather than 2 days still 
produced crystals of 1-3Jim), but does have an effect on zeolite loading levels. This was found 
to be true with LTA zeolites as well as the NaX zeolite composites. The author would prefer 
to assess carbon morphology versus zeolite loading on a number of natural and synthetic 
carbons before committing to an opinion (as three natural and one synthetic carbon hardly 
amounts to a representative study within the field of carbon substrates). However, 
morphology of the carbon substrate and its ability to provide anchorage to the zeolite crystals 
does appear to improve the zeolite loading on carbons significantly. It is possible that 
chemical modification of carbons using acid/base is no more than a method of ‘roughening’ 
the carbon surface to allow better adhesion o f the zeolite crystals, rather than a chemical 
zeohte/carbon ‘Hnk’. Modification is therefore entirely unnecessary in some carbons (such as 
rattan) that already contain anchoring sites. NaX adheres quite strongly to the rattan carbon 
fibrous channel materials but not so weU to the smoother rattan waUs, MASTCARBON^^ 
material is made up predominantly of micropores (O.Snm) inaccessible to the NaX crystals but 
macro/mesoporous spaces in the precursor resin are engineered to allow fluid transport to the 
micropores and these also allow hydrothermal gel transport into the monohth. Once inside, 
crystals formed become ‘trapped’ within the pores so anchoring sites are not so important in 
this type of carbon. Zeohte loading was increased dramaticaUy using a long term synthesis 
method; hence anchoring zeohte as a film is also useful in synthetic carbons such as MAST. 
Although some carbons do not require modification for growth o f particular zeohtes, 
assessment of the texture and/or chemistry of the carbon and the type of zeohte may be
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required before modification is considered. A lack of modification is advantageous because it 
may help carbon maintain greater mechanical strength. Furthermore, chemical modifiers may 
promote side reactions, as may natural carbon impurities, and weaken the binding of the NaX 
zeolite to the carbon support when washed out at a later stage. Such modifications may also 
increase production time and cost for the composite. Carbons are produced and activated in 
many different ways and this, as well as the type of coating used, may be a factor in 
determining whether surface modification is required. It may well be that the nature (natural 
and synthetic), properties (chemical and textural) and pre-treatment o f the carbon host are 
critical in defining the type and extent of zeolite/carbon composites formed. For the synthesis 
of NaX (and LTA) the author found that templating agents such as TMAH are a disadvantage 
as they need to be removed at a later stage. It is clear that the zeolite crystals are formed within 
I4h at 358K, (not 3-5weeks). Calcination of the zeolite/carbon composites produces a zeolite- 
only structure that is a replica of the now gasified carbon substrate. Although fragility is 
currently an issue, there is scope to use these zeolite only structures in their own right. Further 
work to increase strength of this material may be required. SEM-EDX performed on the 
natural carbons used in this study, and their NaX composites, suggest that metal ‘impurities’ 
naturally present in the materials are problematic and increase the chance of producing zeolitic 
materials different from those required. Batch to batch consistency may also be problematic 
with natural materials. Despite the environmental advantage connected with the use o f natural 
materials in chemical processes, they unfortunately cannot be recommended at this point, for 
use as zeolite/carbon composite substrate materials. Experts in the field o f natural material 
growth and carbonisation may be able to use the metals naturally present in these carbons to 
their advantage, if the level and distribution of these metals can be forecast and controlled. It 
is possible that unusual and exciting natural carbon/zeolite composites can be produced with a 
little knowledge of the carbon growth conditions and estimation of the level and type of metals 
required in the final product. Loading levels of NaX zeolite on the substrate can be increased 
almost 300% (3.3%-9.6%) by increasing the soaking time of the substrates in the precursor. If  
an even higher NaX loading is required, the NaX loading can be increased 28-44% (on MAST 
substrates) by increasing the time the substrate rests in the synthesis solution and allowing the 
zeolite to gravity deposit and dry onto the substrate as a film (the film is strongly attached once 
dried and is not easily manually removed). However, extending the synthesis time could 
produce a different zeolite inside the substrate to that produced in the external liquor since, 
crystallization of the zeolite appears to continue within the carbon pores long after 
crystallization is arrested in the external solution (according to XRD and ^^ Si MAS-NMR data).
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Therefore, unless two distinct zeolites are required within the one material this route is not 
tecommended, (see Chapter 6  - Further work: Hydroxo-sodalite zeolite for more details). 
XRD and ^^ Si MAS-NMR analysis also indicate that at the start of the synthesis process, within 
the first 14h, the rate o f NaX zeolite synthesis within the carbons is slightly slower than in the 
external liquor. It is concluded that pressure within the substrate pores, though initially slow to 
build up, continues to rise within the carbon after it is alleviated within the external solution, 
(visible by hydrothermal pot expansion), causing a phase change in the crystals within the 
carbons but not to the crystals in the external solution.
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CHAPTER 4
ADSORPTION OF AMMONIA ON ZEOLITE/CARBON 
COMPOSITE MATERIALS
SUMMARY
LTA and NaX zeolites as well as MAST™ composite materials were assessed to ascertain the 
zeolite/material with the greatest capacity for NH 3 adsorption. Natural carbons (rattan, pine 
and willow) were not chosen for these ammonia adsorption/desorption experiments. This 
was not because they were not expected to adsorb ammonia; on the contrary, the metals 
inherent in these natural materials (Al, Si, K, Fe, Ca, Mg, Cu etc) suggest a level of Lewis 
acidity and so they are expected to adsorb ammonia well. But, a lack of control over the 
natural growth factors of these materials, connected to levels of the metals in the prevailing 
soü, was expected to limit repeatability and reproducibility between material batches. Thus, in 
this chapter, work concentrated on the adsorption properties of synthetic carbons. Vadability 
in acidity exists even between batches of synthetic carbons: e.g. for synthetic carbons produced 
from identical phenolic resin precursor materials, acid sites (assessed by Boehm titration) 
ranged from 0.14mmol/g to 1.36mmol/g, depending on the type of carbonisation and 
activation process used. A dd sites are of great importance in the capadty of a material to 
adsorb a basic molecule (NH3) and in order to assess this theory LTA zeolites and 
LTA/carbon composites were exchanged using HCl before ammonia adsorption was 
commenced. Here, however, ammonia adsorption was not found to be significantiy increased 
in the H^ exchanged LTA zeolites. Indeed, Na"^  LTA was found to adsorb N H 3 just as well 
(6 .6 mmol/g) as H^LTA (6 .8 m m ol/^. This indicated that there was no advantage in H^ 
exchanging the zeolite. H^ LTA zeolite exchanged (using the NH "^  ^ LTA method), that was 
then heated to remove N H 3, adsorbed only 3.3mmol/g and so the adsorption capadty of the 
LTA was found to decrease, rather than increase, using this method. The carbon substrate 
however, performed much better, when HCl treated. The extent of ammonia adsorption 
increased 10 fold from 0.3mmol/g (untreated carbonised MAST) to 3.3mmol/g (FICl treated 
carbonised MAST^). A literature search (Huang^^) indicates that the use of HNO. as an 
addifying agent, instead of HCl, would increase further the ammonia adsorption capacity of 
the carbon substrate. The best zeolite for ammonia adsorption was found to be NaX
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(>18.6mmol/g) and it was clear that maximum adsorption is only obtained by using optimum 
pre-conditioning parameters (5.1mmol/g for a 2h outgas, 9.7mmol/g for a 4h outgas and 
18.6mmol/g for a 10h+ outgas at 733K). This bodes well for carbon-supported zeolites, since 
the zeolite/carbons can be electrically heated using the resistivity of the carbon support to 
pre/recondition the materials releasing the volatiles in-situ before commencing an adsorption. 
Such intense pre-conditioning (10h+) was found to be less important when the zeolite was 
contained in the carbon pores and a composite of MAST^VNaX (containing 22% NaX) 
adsorbed 3.7mmol/g NH, so the NaX zeolite adsorbs 16.8mmol/g when supported on a 
carbon substrate after a 3h outgas compared to 18.6mmol/g unsupported NaX after a lOh 
outgas. No advantage to using the templating agent TMAH was found for N H 3 adsorption. 
Its use as a precursor in the synthesis o f NaX (and composites) for the adsorption of some 
molecules such as NH 3 was even found to be detrimental to the adsorption process. 
(MAST™/NaX(TMAH) composite, adsorbed ~40% the N H 3 adsorbed by non templated 
MAST™/NaX composite at 7mmol/g (E  ^ 50kJ/mol, T ^  368, 402K) and 16.8mmol/g (E  ^
62kJ/mol, T^^j 351, 480IQ respectively. This could be due to increased fluid transport 
throughout the non-templated zeolite/carbon composite due to a lack o f pore blocking 
TMAH molecules; or it could be due to increased diffusion throughout the zeolite due to 
nano-sized zeolites crystals grown within the smaller carbon pores.^°’ TMAH in the precursor 
solution may prevent the solution reaching some of the smaller pores. However, inclusion of 
TMAH in the precursor solution o f NaX zeolite and composite materials does appear to 
increase adsorption of some molecules such as HFC-134a (see Chapter 5). The experimental 
work within this chapter also highlights some interesting N H 3 TPD phenomenon connected 
to the water content of the zeolite and composite materials
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4.0.0 INTRODUCTION
It is difficult, to compare the data produced on the ammonia adsorption o f different zeolites, 
(e.g. NaY, ZSM, LTA) with the NaX zeolite and composite materials produced in this work, 
since even a comparison of ammonia adsorption from one synthesised NaX to another is 
problematic. This is because NaX zeolites can vary immensely from one synthesis to the next. 
These differences are due to the use of templating agent in some NaX zeolites produced, 
differing Si/Al ratios (1-1.5) and cation (Na^)/Al ratios. The ratio should be 1:1 but increased 
Na’*' in the initial synthesis solution or over washing of the zeolite after synthesis can lead to 
excess or reduced Na"^  extra-framework cations. AU of the factors stated above have an effect 
on the acidity of the zeoUte and therefore its ability to adsorb ammonia (and other basic 
molecules). The zeolite used in most of the adsorption experiments was made by a simple 
method and contained no TMAH (or other templating agent) and it is possible that this plays a 
major part in the adsorptive properties of the zeolites. In fact, the composite sample that 
adsorbed the least NHj and therefore considered the least acidic composite was the only one 
synthesised in the presence of TMAH. Humidity/water content also play a large part in the 
adsorption of NH 3 and conditioning the zeoUte to remove water is essential to the adsorption 
properties of zeoUtes.^  ^ It is possible that this is especiaUy true for the adsorption of N H, with 
its strong hydrogen bonding characteristics and special affinity for water. Total removal o f the 
water could lead to zeoUte coUapse, but removal of almost aU the water within the zeoUte 
structure gives an adsorption performance three times greater than expected (5mmoles/g for a 
2 h outgas to 18+mmoles/g for a 1 0 h+ outgas at the same temperature on the same sample). 
This bodes weU for zeoUtes in the pores o f carbon as they can be electricaUy heated in situ to 
release the moisture from the zeoUte held in the carbon pores. Diffusion pathways should also 
be shorter as it is possible that nano zeoUte crystals have formed in the smaUer carbon pores 
see Chapter 3, NMR and XRD of composite carbons bum off residue).^"' Ammonia 
production worldwide is currently ~120 mUUon tons.
4.1.0 ZEOLITES AND NH 3 ADSORPTION
ZeoUtes are notoriously good adsorbers of NH 3 '^^ *' Therefore in the realm of environmental 
poUutants, ammonia was the ideal choice for adsorption/desorption experiments, since it is 
frequently used as a TPD probe molecule to assess the acidity of zeoUtes.^"'  ^This is due to its 
smaU size (smaU enough to access sodaUte cages of diameter 2.4Â/2.4nm), stabiUty, basic
nature and large dipole moment. ’  ^Acidity is often a measure o f zeoUte activity. Hence NH
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— TPD is a simple and rapid method to characterize zeolite activity."' '^" Faujasite (including 
synthetic X  and Y) and LTA both contain sodalite cages within the unit cell and therefore the 
author expected NaX and LTA zeolites to adsorb ammonia well. NaX and LTA zeolites that 
adsorb ammonia just as well when supported on a carbon substrate as they do in the pure state 
would be of value as robust, regenerable adsorbents as well as pollution control materials and 
possibly hydrogen precursor storage materials. Comparing the results of work carried out by 
other researchers assessing ammonia adsorption on zeolites is difficult since natural Faujasite 
zeolites often contain extra framework cations (Ca^ ,^ etc) and different zeolite X  and Y 
compositions (e.g. variable Si/Al ratios). In synthetic NaX zeolites the Si/Al ratios vary 
(between Si/Al 1-1.5 for X and Si/Al = 1.5-3 for NaY). Hence adsorption properties can 
differ greatly between different NaX Si/Al ratio materials even before the adsorption 
parameters of each experimental procedure (i.e. temperature, pressure and humidity) are taken 
into account. Research carried out using ammonia as a probe molecule to assess the acidity of 
zeolites has been documented below.
4.2.0 PREVIOUS NHj ZEOLITE/CARBON STUDIES
i) The acidic character of NaX (Si/Al = 1.15) and cation-exchanged NaX (Si/Al = 1.15) was 
assessed by Joshi*’ who found that variations in the charge density of the extra framework 
cations influence NHj adsorption via alteration in Lewis acid-base character. TPD-NH 3 gives 
an indication of global acidity only and it is impossible to use the TPD-NH 3 method to 
distinguish between Lewis and Bronsted acid sites. Pyridine adsorption and FTIR may be 
needed for a more detailed acidity analysis. In a 2008 smdy FTIR work on non-ion exchanged 
NaX found no Lewis acid sites whatsoever.^^ (A previous ^H NMR study by Gilles^" claimed 
NH 3 interactions with framework oxygens reduced mobility in NaX, suggesting Lewis acidity, 
but had previously calcined the zeolites at 723K in a dried Og flow, which may have 
inadvertently increased the free oxygen content somewhat during zeolite pre-conditioning. 
Only Bronsted acidity is expected^^ in the NaX zeolite within this study. Therefore the TPD- 
NH 3 method was considered sufficient for NaX Bronsted acidity assessment and Lewis acidity 
win not be discussed in detail here except when necessary to discuss the work of other 
researchers. Joshi^ observed that at any given temperature the overall trend in the extent of 
interaction between the adsorption centre and the adsorbate molecule was 
NaX>NaKX>NaRbX>NaCsX because acidic character tends to decrease with monovalent 
extra-framework cation size. In other words, a progressive increase in basicity o f the 
adsorbent occurs with the replacement of Na by equal amount of K, Rb and Cs cations.
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Crystal structure is not affected by ion exchange; only charge density; and the size of extra 
framework cations change. A decrease in chemical affinity was observed^ at lower coverage 
when compared with that at higher coverage. Furthermore, a rather sharp drop in chemical 
affinity*^  was observed as the sorption temperature and size of the extra framework cation was 
increased. When all of the samples were compared at 453K the decreasing trend in chemical 
affinity for ammonia was observed as NaX.> NaK(53)X> NaRb(53)X> NaCs(58)X, but no 
trend in chemical affinity was observed at 303K. Joshi concluded^ that localised sorption 
exhibiting strong intermolecular repulsion seems to be the most likely physical environment 
experienced by the NH 3 molecule.*"
ii) AbeUo^ "^  analyzed TPD experimental spectra of N H 3 by a Monte Carlo model to obtain the 
distribution of sorption sites and the interaction strength of N H 3 on NaY zeolite and found 
that the heat of adsorption decreased with increasing N H 3 loading. Abello stated The 
adsorption of probe and reactive molecules on the surface of a solid has been widely used to 
obtain information about surface reactivity and to understand the nature of gas-solid 
interactions’, and went on to say Vhen a molecule contacts the surface o f a solid, the heat 
evolved is related to the energy of the bonds formed between the adsorbed species and the 
adsorbent. Whereas calorimetry supplies a direct measurement of adsorption, TPD supplies 
the activation energy for desorption which is interpreted as the adsorption heat’. Abello’s 
research^^ also pointed out that some experimental problems, such as diffusion of the probe 
molecules through the pore structure of the sample, re-adsorption following desorption, and 
heat transfer effects can compHcate data analysis.^^
iii) Liu adsorbed^" NH 3 on a range of ion exchanged Y zeolites to assess the zeolites as an 
NH 3 storage material and found that NH 3 adsorption was increased by exchanging the NaY 
cation with transition metal ions. Liu’s NaY experimental work supported Joshi’s NaX 
experimental work*" as it was observed that NH 3 desorption decreased by exchanging with 
alkali metal ions due to decreased electrostatic attraction between NH 3 and the zeolite. Liu 
found*^ that the surface area was highest in NaY zeolite (645 m^/g), but decreased by 78-103 
m^/g with exchange by Co, H, K  and Cu and decreased even further (to 478 m^/g) when 
exchanged with Rb and to its lowest level (396 m“/g) with Cs exchange. Lui’s work also 
highlighted irreversibly-held N H 3 on the ion exchanged Y zeolite and classified the sites into 3 
types: M(OH)^ M=divalent cation, H'*', and M"*" (M = alkali metal ion N a \  K^, Rb'*’, Cs'*'). Liu 
postulated^^ that the first type of site (M(OH)'*') bonds by amine complex formation, the 
second type of site (H"*^ ) bonds by NH '^*' ion formation, and the third type of sites bonds by
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NHj adsorption with electrostatic interactions. Hence Liu suggested^^ that the increased NHj 
adsorption on CoY and CuY compared to NaY zeolite was due to the increase in NHj 
adsorption sites with amine complex and ammonium ion formation. Irreversibly-bonded NHj 
is therefore presumably (according to Liu)^  ^ bonded by electrostatic attraction between Na"*^  
and the lone electron pair of NHj. Liu suggested^^ that TPD showing more than one 
desorption peak suggests more than one type of desorption site. Liu had previously^^ also 
worked with activated carbons and the results of TSA (temperature swing adsorption) 
experimental work that he performed suggested that NH. separation capacity of all the Y 
zeolites studied was greater (minimum 3.25mmol/g for Cs-Y to maximum 4.92mmol/g for 
CuY) than a H 2SOf treated activated carbon (1.75mmol/g), NaY zeolite (4.1mmol/g). The 
work Liu performed^" on PSA (pressure swing adsorption) showed NaY is as good as (or 
better than) all the exchanged zeolites, except HY. NHj separation by the PSA method was in 
the range of 0.87mmol/g (Cs-Y) to 1.43mmol/g (H-Y), which was similar to the values of 
surface-treated active carbon (1.18mmol/g for HNO. to 1.32mmol/g for H^SOJ.^^
iv) Hunger and Hoffman^ evaluated the TPD of ammonia from zeolites using several kinetic 
models and found an approximately linear correlation between the activation energy of 
desorption and the heat of adsorption o f H zeolites with various Si/Al ratios and the 
intermediate electronegativity of the zeolites (the latter representing a measure of the acid 
strength). Thus, they concluded^ ‘TPD of ammonia is a useful technique for quantitative 
characterization o f the acidic properties of several H  zeolites’. They state^ that ‘the high temp 
peak in the TPD of NHj is attributed to desorption of ammonia from acidic OH groups and is 
a measure of the catalytic properties of these zeolites’. They also showed’ that in the case of 
HY zeolite, variation in the of NH. desorption from the OH groups inside the supercage 
displays a good linear correlation with the increasing acid strength, (dependent on the 
increasing degree of exchange of H^). The work was carried out in 1988 and as they stated 
there was no information about the quantitative characterization of the acid strength of H  
zeolites with different Si/Al ratios and different structures through the TPD of NHj. To date 
(2009) work in this field is still not extensive. Hunger et al’ state that re-adsorption needs to be 
taken into account when calculating E  ^ since zeolites that adsorb large amounts of NH , per 
unit volume and therefore are likely to have freely occurring re-adsorption. They also suggest, 
that T„^ 3^  values should not be relied on as an expression of acid strength, because freely 
occurring re-adsorption shifts desorption towards higher temperatures. If the E  ^ of 
adsorption is assumed to be very low, the calculated E  ^ of desorption should be directly 
comparable to the heats o f adsorption measured by microcalorimetry. For the zeolites (apart
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from H  erionite — where no heat adsorption data is given) the adsorption heats and 
obtained by the two methods increase approximately linearly with the electronegativity of the 
zeolite. They also state’ that there is an approximately linear increase of E  ^ (or heat of 
adsorption) determined by means of TPD experiments with increasing intermediate 
electronegativity of the zeolite. In the case of a rising Si/Al ratio, the increase in acidic 
strength expressed by the increase in the heat of adsorption and the activation energy is 
markedly higher than that due to the increase in OH groups at constant Si/Al ratio.’
v) Basini stated’ that isomorphous substitution of Si with Al, Ga, Fe and B induces Bronsted 
and Lewis acidity as missing silicon T atoms are compensated with the formation of internal 
Si-OH groups that are suggested to be clustered as a nest of four OH groups. Suggesting that 
NHj adsorption/desorption involve proton transfer equilibria with acidic OH groups and 
interactions with the charged lattice, Basini stated^ that for this reason NHj reactions are often 
used to characterize zeolite acidity, (a property that is strongly related to the catalytic activity of 
the zeolites). Basini also implied’ that if the two OH groups possess different Bronsted acidity 
then interaction with gaseous NHj produces two adsorbed NHj species, hypothesising that the 
first is less stable at increased temperatures and decomposes easily while the second is a charge 
transfer complex with higher thermal stability. He also suggested that the former weakly- 
adsorbed species involves the interaction of NHj with a less acidic OH group and forms a 
species represented as [OH-NHJ. The latter reacts with the OH groups to form [OH—O- 
NH 4'*] through the interaction of NHj with the strongly acidic bridged OH groups in the Al 
containing samples forming the complex represented as [O-NH4]. This theory is supported by 
two peaks found in the desorption curves of an Al MFI zeolite at 338K and at 558K. Basini 
states^ they are associated, respectively, with weakly-bonded and strongly-bonded NH. species. 
Only one peak at 338K was found in the desorption curve of B-MFI sample; boron is more 
electronegative than Al and on this basis, it was expected that, isomorphous substitution with 
B should produce a strong Bronsted acidity on boralites. However, contrary to expectations, 
both spectroscopic and reactivity experiments have shown^ that such strong Bronsted acidic 
sites are not present on boralites. This has been interpreted assuming that steric hindrance 
prevents the formation of bridged OH groups shared between silicon and boron atoms.^
vi) In 1997 Richter et al. proposed^ a new method for the quantitative determination of zeolitic 
Bronsted acidity, utilizing the specific low temperature reaction of NH '^*' ions fixed to 
Bronsted sites with NO-O^ thus preventing the loss of add sites normally encountered for the 
conventional TPD mode of NHj thermal desorption. The term acidity discriminates between
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Bronsted (protonic sites) and Lewis character (coordinative unsaturated surface atoms or ions). 
Richter explained^ that interactions of Bronsted acid sites with NHj converts them to 
ions that are fixed to the zeolite framework. The energy (equivalent to the energy of 
desorption), required to release gaseous NHj is correspondingly high. Peak positions on the 
temperature axis during TPDA are indicative o f the acid strength of sites whereas the peak 
areas contain information on the concentration of sites. The contribution of weak and strong 
acid sites tend to overlap in the desorption profiles. Certain zeolite structures are thermally 
labile, losing a part of the framework Al and thus acid sites; it is reported’ that calcination of 
zeolite mordenite (770K) results in a degree o f dealumination of ~70% and thermal 
conversion of zeolite Y (Si/Al = 2.4) from its form into its form is accompanied by 
a loss of c. 44% of its framework Al.®
vii) Huang et al.^ *" studied the influence of surface acidity on coconut shell-based activated 
carbons (AC) for the adsorption of ammonia (NHj). The AC was modified using different 
concentrations of nitric, sulphuric, hydrochloric, phosphoric and acetic acid. Acidic functional 
groups on the surface of ACs were determined by FTIR and the Boehm titration method.^® 
Adsorption of NHj onto the AC was measured by dynamic adsorption at room temperature 
according to the principle of the ASTM standard test method.'*" The concentration of NHj in 
the effluent stream was monitored and results show that adsorption o f NH. on aU of the 
modified ACs was enhanced. The NHj adsorption on various modified activated carbons is as 
follows: nitric, sulphuric, acetic = phosphoric, hydrochloric acid. The breakthrough capacity 
towards NH. was linearly proportional to the number o f acidic functional groups of the ACs 
since (alongside pore size/volume) the chemical nature of a carbon surface influences their 
adsorptive properties. Functionality of AC is mainly divided into acidic and basic groups. The 
acidic surface oxides are carbonyl, carboxyl, phenolic, hydroxyl, lactone and quinine groups. It 
has been reported that the acidic surface oxides increase adsorption capacity for polar alkaline 
molecules, such as NHj. In support of Huang’s findings Tamon and Okazaki studied'® AC 
oxidised by HNOj at boiling point and showed the adsorption sites increase greatly with 
surface oxides for polar molecules. Park and Kim reported'® that ozone treatment or 
oxyfluorination led to an increase in NH, removal efficiency of ACs and activated carbon 
fibres, due to an increase of acidic functional groups. The relation between the amount of 
oxy-add groups o f the adsorbent surface and NH, adsorption capadty is still not entirely 
explained. In Huang’s methods'® elemental analysis of C, N, O and H were calculated, but it 
was assumed that only these elements were present in the sample (i.e. SEM  — E D X  carried out 
here on the natural carbons willow, pine and rattan suggest metals are inherentpresent in the natural carbons
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incorporated during material growth or! and adsorbed during carbonisation! activated from the furnace (see 
Chapters 2 and 3 and residual analysis Appendix 2)). It was noted by Huang'® that treatment of the 
ACs with concentrated HNO , created larger oxygen-containing functional groups, while 
treatment o f the AC with HCl created fewer. It was found that AC could be oxidised by 
HNOj but not by HCl. Huang et al.'® described the mechanism of NH, adsorbed on AC as 
follows ‘first ammonia gas molecules diffuse into the pores of AC and are physically adsorbed 
at active sites on the surface. Adsorbed NH, molecules accept a proton from neighbour acidic 
groups and form ammonia complex ions [NH4'*] as the Bronsted acid’. The Boehm titration 
method'® was used by Huang to determine the total acidic groups of the AC and it was found 
that acidic groups increased along with the concentration of acid used. The order of acidic 
groups enhancement is as follows H NO , > CH,COOH > H,P0 4 =H 2S0 4 > HCl. Different 
kinds of acidic groups are present on the surface of AC after different acid treatments. HCl 
treatment does not significantly oxidise the functional groups in the untreated AC. It is 
possible that traces of protons remain in the AC pores after treatment. The largest amounts of 
total acidic groups produced on the surface are found for 12M nitric acid modification 
(2.064mmol/g) '®. A similar observation for HNO,'® was noticed by Tamon and Okazaki, '® 
and Chen and Wu'® found total acidity of AC after 37% HCl treatment to be only slighdy 
greater than that of deionised water-washed AC. Huang also found'® that untreated AC was 
slightly basic (pH 8.5), whereas acid treated AC acidity ranged from pH 2.7 to 5.1. According 
to Huang'® specific surface area (SSA) and pore volume of AC does not direcdy influence the 
amount of N H, adsorbed on the AC nor, Huang’s data'® suggests, does pH (since pH levels do 
not correspond linearly to the amount of NH, adsorbed). However, N H , breakthrough 
capacity on the AC measured by ASTM standard test method'® is found to be approximately 
proportional to the total number of acidic groups on the AC surface. N H, adsorption was 
attributed to the interaction between NH, interaction and the acidic oxygen groups o f the AC 
surface to form N H 4''' as the Bronsted acid, so that type of the acidic group is the predominant 
factor defining the adsorption capacity o f NH, on the activated carbon (AC) rather than the 
actual pH.'®
viii) Howard'’ investigated the surface chemistry of activated carbon using Boehm titration'’ 
and found that although there are basic groups on the surface of the air-activated carbon the 
number of acidic functional groups dominates. The C0 2 -activated carbon surface, on the 
other hand, is dominated by basic functional groups (with acidic functionality to a lesser 
degree). This type of carbon activation process is expected to remove acidic surface groups so 
any residual acidity may be due to air/moisture contamination after production.'’
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Concentration of acidic group on air-activated carbon = 1.7pmol.m“
Concentration of acidic groups on COg-activated carbon = 0.65pmol.m^
Concentration of basic groups on air-activated carbon = O.SpmoLm^
Concentration of basic groups on CO^-activated carbon = 1.25pmol.m^.
Converting this to m mol/g allows a comparison with this data and the present experimental 
data also produced using the Boehm titration method (Appendix 4):
Acidic groups on air-activated carbon = 1.36mmol/g 
Acidic groups on COg-activated carbon = 0.52mmol/g 
Acidic groups on steam-activated carbon = 0.31mmol/g 
Acidic groups on carbonised (not activated) carbon = 0.14mmol/g
Basic groups on air-activated carbon surface are probably on the carbon surface before 
activation and not affected by the activation process. It is generally accepted that there are two 
possible sources of basic functional groups.'’
i) Oxygen containing functional groups (pyrones or chromenes)
ii) Graphene layers acting as Lewis bases and forming electron donor-acceptor 
complexes with water molecules.'’
Along with TPD-NH, and Boehm titration, IR is capable of detecting the acidic functional 
groups on the surface of carbons'’. Boehm titration and TPD-NH, are reliable but have 
limitations as they do not allow identification of all the acidic functional groups on the carbon 
surface. Functional groups are expected to be key to the adsorption capacity of a carbon 
adsorbent. It has been reported that the acidic surface oxides increase the adsorption capacity 
for polar alkaline molecules, such as NH, '"
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TABLE 4.1 Previous results for NH, adsorption onto zeolites
Zeolite type Reference T m ax A A m ount ads.
(mmol/g)
Irreversible 
ads. (mmol/g)
NaY 14 420 1.90 No data
H -N aY 14 446 2.84 No data
H -N aY (Si/A l = 2.7) 14 496 1 .0 0 No data
NaY (Si/Al =5.6) 13 485 6.14 1.14
HY (Si/Al=5.6) 13 508, 550 5.44 1.07
KY (Si/Al=5.6) 13 No data 6.06 0.23
CoY (Si/Al=5.6) 13 507, 565, 787 8.64 1.61
Cu-Y (Si/Al=5.6) 13 526 9.34 2.85
Rb-Y (Si/Al=5.6) 13 No data 5.01 0.18
Cs-Y (Si/Al=5.6) 13 No data 4.59 0.05
NaX (Si/Al = 1.27) 15 393 2.18 No data
AgX (Si/Al = 1.27) 15 393 2.94 No data
CuX (Si/Al = 1.27) 15 393,453 5.71 No data
Sample Reference T „ „ (K ) N H , desorbed
(mmol/g)
Ea (kj/mol)
HY (Si/Al 2.6) 7 625 1.25 90
H/eronite(Si/Al 3) 7 No data 2.44 73
Hmordenite(Si/ A15) 7 810 2.30 124
HZSM-5 (Si/Al 15) 7 No data 0.59 136
HZSM-5 (Si/Al 24) 7 700 0.30 146
NH 4+Y (Si/Al 2.6) 5 No data 1.65 No data
NH4+ZSM-5(Si/A120.3) 5 720 0.65 No data
NH^^Mordenite 
(Si/A l 5.6)
5 No data 1.40 No data
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Sample Reference Adsorption T(K) N H , ads. (mmol/g) E .
(kJ/mol)
NaX (Si/Al 1.15) 6 303 10.74 No data
NaK(53)X(Si/Al 1.15) 6 303 10.74 No data
NaRb(53)X(Si/A11.15) 6 303 13.70 No data
NaCs(58)X(Si/A11.15) 6 303 14..07 No data
NaX 2 0 303 11.18 No data
LTA 2 0 303 10.29 No data
NaY 2 0 303 10.59 No data
CaY 2 0 303 11.76 No data
CaX 2 0 303 12.94 No data
Carbon sample Reference Adsorption T(fQ lotal acidic groups
(mmol/g)
N H , (mmol/g) 
breakthrough
Untreated AC 16 -2 9 8 0.252 0.13
H N 03A C  (IN) 16 -298 1.025 0.82
H N 03A C  (6 N) 16 -298 1.394 1.26
H N 03A C  (12N) 16 -298 2.064 2.45
Acetic a. AC (IN) 16 -298 0 .8 6 8 0.42
Acetic a. AC (6 N) 16 -298 0.937 0.52
Acetic a. AC (12N) 16 -298 1 .1 0 0 0.55
HCl acid AC (IN) 16 -298 0.379 0.23
HCl acid AC (6 N) 16 -298 0.376 0 .2 2
HCl add AC (12N) 16 -298 0.437 0 .2 2
Untreated AC 16 No data No data 0.07
Oxyfluorination AC 16 N o data No data 1.84
Untreated AC 16 No data No data 0 .1 2
HNO, AC (13.2N) 16 No data No data 1.97
H 2SO4-AC (carbon) 13 N o data No data 2.58
There is ~  4.46 unit cells/g x 10
The main difficulty in comparing literature data with the results obtained in Table 4.1 is the 
different zeolite X  and Y composition (i.e. variable Si/Al ratios). Adsorption temperature and 
pressure are also variables and in some cases no data on these parameters is given.
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4.3.0 AMMONIA (NH ,) (see also section 1.5.3)
Ammonia, the first environmental pollutant or ‘greenhouse gas’ chosen as an adsorbate has 
been identified as a zero carbon hiel and suitable hydrogen carrier that can generate hydrogen 
in a simple cheap reactorE Pure ammonia (99.98%) can be a problematic gas to work with, 
being a strong proton acceptor.® In liquid and solid states, ammonia is associated through 
hydrogen bonds,^ so is easily liquefied due to this strong hydrogen bonding between 
molecules.'® The author observed that the gas has a tendency to condense in confined spaces 
such as very small sample loops leading to non-homogeneous and/or delayed ammonia signal 
peaks.'® Therefore a sample loop injection method previously employed was abandoned in 
favour of manual injections. Manual injections are subject to sampling errors and the small 
amount of air likely to be present needed to be assessed along with systematic errors before 
the run was started. H^O and COg may also be present as impurities within the Argon carrier 
and NH, (even at 99.9% purity). Incorporating filters to dry out/purify the gases would defeat 
the object of developing materials robust enough for real world applications such as pollution 
control and gas masks etc, so they were not used in this experimental work.
4.3.1. Ammonia (NH ,) fragmentation pattern (information also available in 1.5.4)
In MS NH, shows fragments (and relative abundance of those fragments) at: m /e  17 = 100, 
m /e  16 = 80, m /e  15 = 8  and m /e  14 = 2. However, zeolite NaX contains moisture and 
although removal of up to 97% is important for NH, adsorption, removal o f the last zeolitic 
water molecules can result in collapse of the zeolite structure. Therefore some moisture is 
always present within the material and this can lead to problems when using m /e  17 and m /e  
16 as the main fragmentation peaks for NH, as the fragmentation pattern of water is m /e  18, 
m /e  17 and m /e  16. Also m /e  16 and 14 could be mistaken for air contamination as the 
fragmentation patterns of Oj and N^ are m /e  32 and 16 and m /e  28 and 14 respectively. The 
NH, m /e  15 (NH) moiety is therefore the best ion to use in order to avoid errors from sources 
of contamination but the low level of relative abundance means that the y axis signal intensity 
baseline required major amplification for data presentation. Therefore in this thesis the author 
has chosen to illustrate NH, adsorption in most o f the data graphs by using the m /e  17 ion 
(where the m /e  17 mirrored the m /e  15). If  m /e  17 deviated from the m /e  15 and mirrored 
the m /e  18, it was considered to result from the OH^ moiety of H^O and not NH,.
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4.4.0 NaX ZEOLITES
Zeolites are generally accepted as being size-and-shape selective; they are also highly efficient 
solid acid catalysts. The acidity is due to acid sites within the zeolite that are caused by the 
isomorphous substitution of silicon with aluminium®. Thus, a charge imbalance arises, due to 
the lower charge o f Al with respect to Si that is neutralized by a cation. According to Anand^' 
‘the Al-O bond length becomes slightly longer and a co-ordination site is made available for a 
cation to counter the excess negative charge of the O co-ordinated to the Al. The acid sites 
formed behave as classic Bronsted proton donating sites’.^  Zeolite acidic properties are not 
well understood as the concentration and strength of Lewis and Bronsted acidity depends 
subtly on the zeolite nature and the extent of ion exchange. Therefore acidity of the X 
(Faujasite) zeolite is dependent on the Si/Al ratio and the counter balancing cation. 
Benaliouche'’ assessed NaX zeolites of ratio Si/Al 1.27 prepared by the hydrothermal method 
and Ag-/Cu- exchanged X zeolites using NH, TPD to provide information about the overall 
acidity, nature and strength of acid sites resulting from Ag and Cu exchange. Although he 
found Lewis acid sites (up to 744pmol/g in AgX) and 1768pmol/g in CuX, due to extra 
framework aluminium formed and a loss o f oxygen (true Lewis acidity according to 
Benaliouche'’) no Lewis acidity was found in NaX. With regard to Bronsted acidity, however, 
sites of lôOpmol/g were found in NaX. This was higher than all the exchanged (Ag and Cu) 
X  zeolites that showed Bronsted acidity from 19-122, except 91% exchanged AgX (Bronsted 
acidity 185pmol/g). The level of ion exchange ranged from 9 to 92%.'’
Zeolites naturally form as —1pm size crystals and the crystal size is a major drawback to their 
use in fluid systems. To avoid gas/liquid pressure drops researchers either try to synthesize 
giant crystals. At the same time as zeolite diffusion problems leads some to pursue research in 
nanocrystalline zeolites supported on monoliths, pellet the zeolite crystals (where chemical 
additives are used leading to possible reactions of adsorbate and pellet chemicals) or coat the 
zeolite onto other material structures as a film/membrane. By synthesising zeolites in the 
pores of a monolith, the zeolites are homogeneously spaced out within a porous solid structure 
and by using carbon (rather than metal, alumina or silica) the zeolite can be electrically heated 
using the carbon’s resistivity to condition/regenerate the zeolite in sim before each adsorption 
run. Carbon/zeolite composites may also be used to adsorb a cocktail of pollutants previously 
impossible on a single adsorbent. The innocuous carbon ‘coat’ or casing that holds the zeolite 
firmly in place within its pores may also allow composites to be used in medical applications, 
as in vivo kidney filters etc^ .^ There is also an opportunity, to remove the carbon, if required in
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order to produce a zeolite only monolith (although at the moment work is needed on structure 
fragility).
4.4.1 Bronsted acidity in zeolites
The term acidity mostly differentiates between Bronsted (protonic sites) and Lewis acid 
(coordinative unsaturated surface atoms or ions). The interaction o f Bronsted acid sites with 
NH, converts the latter to NH'''^ ions fixed on the zeolite framework and the energy required 
to release gaseous NH, is correspondingly high. As stated, T^„ TPDA (temperature 
programmed desorption o f ammonia) is generally considered indicative of the acid strength of 
sites, whereas the peak area contains information on the concentration of such sites. 
Contributions of weak and strong add sites may overlap in the desorption profiles and require 
separation. Bronsted acid sites are assodated with lattice Al®'*’ and certain zeoUte structures are 
thermaUy labile losing part of the framework Al.’ At high intra-zeoUtic Al concentrations extra 
Al atoms are in the form of additional lattice Al lowering the average Bronsted acidity. At low 
Al content A lO / tetrahedra are far from each other and maximum proton (Bronsted) acidity is 
reached. Strength of the add site is dependent on the number of Al ions on the next nearest 
neighbour sites (NNN), acidity being maximal when this number is zero.'®
4.4.2 TPD and desorption of bases
TPD of probe molecules is a popular, easy, reproducible method for determining the addity of 
zeoUtes. Ammonia is smaU enough to access sodaUte cages, has strong basic strength,'® a large 
dipole moment, pronounced stabiUzation effect and tendency to produce diffusion block.® 
The TPDA method is useful since both concentration of sites having similar add strength can 
be determined, as weU as the average adsorption heat or activation energy. This TPDA peak 
maximum, T^^ gives a rough measure o f acid strength whereas the peak area gives an 
indication of the concentration/quantity of acidic sorption sites.® However, use of TPD peak 
maximum as a measure of add strength should be used with reservation as according to 
Hunger and Hoffman’ ‘peak maximum should not be depended on as an expression o f add 
strength because freely occurring re-adsorption shifts desorption towards higher 
temperatures’.’ AbeUo also states “some experimental problems such as diffusion of the probe 
molecules through the pore structure of the sample, readsorption following desorption, and 
heat transfer effects can complicate data analysis”.'  ^ Mostly the contribution of weak and 
strong add sites overlap in the desorption profiles® and sorption strength can be determined, 
to some degree, by the ammonia TPD. The type of add sites cannot be determined by this
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method though, since desorption may proceed simultaneously from sites o f different types 
resulting in overlapping TPD peaks. The exact type of acidity is better determined from a 
combination of TPD-NH, with FTIR analysis.'’ As TPDA can give an indication of general 
acidity but not distinguish between Lewis and Bronsted sites. Lewis add-base character of the 
zeolite arises because of the formation of Lewis add base pairs when the basic sites 
(framework oxygen’s) are assodated with the Lewis acid sites (cations). The Lewis acid base 
character of the zeolite can therefore be subtly tuned by the proper choice, nature and 
population of the extra-framework cations and variations in the charge density of these extra­
framework cations influence the ammonia sorption energetics.®
In some TPD spectra two or more peaks are observed: one at low temperature corresponding 
with ammonia adsorbed from the weakly acidic sites and another one at higher temperature 
corresponding to strongly acidic sites.  ^ As a general rule molecules not removed by evacuation 
overnight at 823K are classed as chemisorbed rather than physisorbed.'’ Chemisorption has 
not been judged to be within the scope of this thesis as the TPD was only taken to a maximum 
temperature of 773K.
In general the TPDA method is as follows: the sample is contacted with N H , to neutralize 
acidic sites; the temperature is increased at a constant rate and the volume of NH , desorbed 
recorded. Whereas calorimetry supplies a direct measurement of the heat and activation 
energy of adsorption, TPDA supplies the activation energy for desorption, which is interpreted 
as adsorption heat.'^ Basically the amount of ammonia desorbed in a given temperature range 
is taken as a measure o f the acid site concentration, whereas the temperature range at which 
most of the ammonia is desorbed indicates the acid strength distribution (with reservation as 
discussed). The measurements of the number, type and strength of acid sites provides the key 
experimental data regarding zeolite acidity'® and activated carbons. Huang also attributed'® the 
acidic sites on AC to be Bronsted acid sites stating ‘adsorbed NH, molecules accept the proton 
from neighbouring acidic groups and form ammonia complex ions [NH^'J as the Bronsted 
acid. The Bronsted acid type of acidic group is the predominant factor for the adsorption 
capacity of NH, on activated carbon’.'® As stated by Joshi ‘if the non-ideality of the gaseous 
sorbate like ammonia is neglected, the chemical affinity of sorption may be estimated as a 
function of the amount sorbed using the equation Ap = RT In (P /P J’.® Liu found that 
ammonia adsorption on Y- zeolite was increased by exchanging the cation with transition 
metal ions (Co-Y, Cu-Y), due to the increase in the number of ammonia adsorption sites with
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amine complex and ammonium ion formation. He noted, in support of Joshi, that in alkali 
metal ion exchanged Y zeolites (KY, RbY, CsY) the extent of adsorption was lower than on 
NaY due to the decrease of electrostatic attraction between ammonia and the zeolite surface. 
Liu also supported the theory that TPD showing more than one desorption peak suggests 
more than one type of desorption site.'’ Hunger/Hoffman evaluated TPD of ammonia from 
zeolites using several kinetic models and found an approximately linear correlation between 
the activation energy of desorption and the heat of adsorption (of H zeohtes with various 
Si/Al ratios) and the intermediate electronegativity of the zeolites, the latter representing a 
measure of the acid strength. The “high temp peak” in the TPDA they attributed above all 
to desorption of ammonia from acidic OH groups of the zeolites (characterized by IR), stating 
that these OH groups mainly determine the catalytic properties of these zeolites. They 
suggested if the of adsorption is assumed to be very low, the calculated E^ of desorption 
should be directly comparable to the heats of adsorption measured by micro-calorimetry. 
They also concluded that TPD of ammonia is a useful technique for quantitative 
characterization of the acidic properties of several H  zeoUtes.’ Basini also substituted 
framework Si with Al, Ga, Fe and B to induce Bronsted and Lewis acidity (missing siUcon T 
atoms are compensated with the formation of internal Si-OH groups) and suggested that 
ammonia adsorption/desorption reactions involve proton transfer equiUbria with acidic OH 
groups and interactions with the charged lattice, in the substituted zeoUtes.®
4.5.0 OBJECTIVE
Having successfuUy synthesised LTA' and NaX within the macropores of synthetic and natural 
carbons the author wished to ascertain if the adsorptive properties of the zeoUte were 
hampered or diminished when supported on a carbon substrate as weU as assess the acidity 
and therefore activity of the composite material for use as environmental poUution adsorbers 
and sensors.
4.6.0 N H , ADSORPTION EXPERIMENTS
Both adsorption and desorption experiments were carried out on the composite samples 
prepared here. Adsorption, breakthrough, experiments are a good indication of the maximum 
extent o f adsorption of a material and TPD can give E  ^ and T„^ data for desorption. 
However, it is only by combining the two experiments that reversible and irreversible 
properties can be deduced. The samples were ‘pre-conditioned’ by heating in an inert gas flow
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to 733K to remove volatiles prior to NH, adsorption by pulse injection. AU adsorption 
experiments were carried out at room temperature (295K ±  IK). During the experimental run 
the Ar carrier gas was passed through the rig system and NH, was injected into the stream just 
before the reactor. The MS-RGA detector gave an indication of the amount of NH, adsorbed 
from each pulse injection performed in real time resolution. The bypass of the reactor was 
used to provide comparative information as a blank and to perform NH, caUbrations. At the 
start and end of each run, the carrier gas was passed through the rig in bypass mode and NH, 
calibration pulses (l-5cm®, 41-207pmol) introduced to assess peak area versus volume as weU 
as check for any leaks/capiUary blockages. Ar carrier gas (devoid of NH,) was then switched 
to flow through the sample and after the baseline equiUbrium had been reached. NH, 
injection/pulses were commenced and continued until the sample appeared saturated with 
NH,; in this way breakthrough was witnessed by MS-RGA as NH , detection. Extra injections 
of NH, were made to encourage complete saturation of the sample. Then at 295K +1K the 
argon carrier gas was flowed through the sample untU any very weakly adsorbed NH, 
molecules were desorbed and the ammonia concentration returned to baseline. TPD of NH, 
adsorbed on the sample was then commenced from room temperature to ~ 773K at a rate of 
lOK/min. The dynamic MS-RGA detector data was recorded as cycles on the x axis (each 
cycle being a scan search of the ions under analysis) versus m /e  in signal intensity (as partial 
pressure) on the y axis. The corresponding t(l/10)s for each cycle is provided in the data file 
produced by the RGA. Cycles versus temperature were recorded and the data included into 
the data file. This rather labour intensive approach was preferred as the actual temperature 
inside the reactor was of interest. The data was then assessed for NH, desorbed over 
time/temperature in order to ascertain T,^^ and E .^
4.6.1 Experimental rig design
The system (described in more detail in 1.9.4) was constructed of stainless steel. A 
thermocouple probe was positioned inside the sample reactor and monitored the sample 
temperature. The carrier gas passed through a MFC that monitored the flow rate (input 
ISOkPa — 20kPa output) and exited into the rig. At this point there was an injection port
followed by a junction switch. At the junction there was a choice:
i) The gases either bypassed the reactor and went straight into the inlet capillary of the MS-
RGA analyser to the detector and/or exhaust, or
ii) They passed through the reactor which is placed inside a mbe furnace, before entering the 
inlet capillary of the MS-RGA analyser to the detector and/or exhaust.
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Check valves throughout the rig prevent backflow. The reactor contained the composite 
adsorbent under investigation held in place with silica wool The biggest problem was to 
eliminate air and humidity from the system since NH, m /e  17 could have been confused with 
OH and NHj m /e  16 with O (impossible to accomplish completely since the 99.9% pure 
carrier gas and 99.8% pure ammonia contained water in small quantities). Even with Swagelok 
steel components, some contamination from air was possible as the rig was at lower pressure 
due to the MFC (Ar inlet pressure ISOkPa, outlet pressure 20kPa — into the rig) than lOlkPa. 
Air injected in small quantities with each NH, injection pulse was considered useful, as the 
m /e  28 Ng moiety cancelled the need to incorporate an internal standard into the NH , gas.
4.6.2. Schematic — flow chart of experimental rig
(Can be found in Chapter 1, section 1.9.4)
4.6.3 Furnace
The furnace was a Teuton “Pyro therm” equipped with a type K  (chrome-alumel) 
thermocouple (BSEN 60584.1) that has maximum and minimum working temperatures 
between 0-773K. This heated the sample in TPD at lOK/min.
4.6.4 Reactor and sample size
The small scale microreactor used up to Ig of sample at a time. The sample often in powder 
form was supported by silica wool a thermally stable and inert material. The reactor was 
placed in a Teuton furnace (see section 4.6.3) for the TPD experiments. The reactor was made 
of stainless steel thus allowing for high temperature desorption without the possibility of 
reaction with the NH,.
4.6.5 Residence time in the reactor
The average time a molecule remains in the adsorbent bed, is defined as the residence or 
contact time:
Contact time = free volume in bed/flow rate of gas
The reciprocal o f contact time (flow rate of gas/free volume in bed) is the space velocity or the 
number of times the adsorbent bed volume is swept through in a unit time.'® The higher the 
flow rate the higher the space velocity. From the RGA software the cycle number versus time 
in seconds was recorded. By noting the cycles at the point of injection for a particular pulse 
and paying attention to the T^ ,^  ^ value, the time it takes from injection to T,,^  ^ could be
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assessed. The molecular residence time (t^ J^ i.e. the average time a molecule stays in the 
adsorbent bed was deduced. It also matters whether the flow is laminar or turbulent. 
Reynolds number (Re) was relevant in this context;
Re = Lvp/u = dvg/u
where L = characteristic dimensions (e.g. reactor diameter (d)), v = fluid velocity, q = density 
of Ar at the adsorbent temperature and u = viscosity of Ar at T. The formula was valid for a 
fluid in a pipe. When Re is less < 2000, the flow is usually laminar, while for Re > 4000 there 
is turbulent flow. There is no sharp change from laminar to turbulent flow, only a gradual 
change as the velocity within a given system is increased. When the flow is laminar, the is 
higher compared to when the flow is mrbulent, because during the molecules in the gas stream 
are travelling more slowly, so the gaseous molecules spend a longer time period in the reactor 
bed. Hence at 20kPa (and valve 100% open on the MFC, the flow rate was 30ml/min 
therefore fluid velocity = 0.0000005m®/ s) and at a temperature of 295K Ar in the present 
reactor (d = 0.0065m; stainless tubing), V = 0.0000005m®/s, p = —1.65kg/m® and u = —2.1x10- 
5 Pa s. And so Re was —0.00026 and so flow was laminar.'®
4.6.6 Gases
During the experiment the gases employed were Ar (99.9%) as the carrier gas (flow rate 30 cm’ 
min ') and NH, (99.98% BOC grade B) for pulse experiments. The pulse work required Ar 
flow as above and pulses of NH , 5cm’ (0.207mmol) at 295K.
4.6.7 Defining the method of sample conditioning/pre-treatment and outgas sing
Atmospheric water will adsorb to a certain extent by most materials, depending on 
temperature, concentration (relative humidity), the surface area exposed and the forces of 
attraction between the surface and water molecules.'® Some samples undergo capillary 
condensation, hydration reactions or phase changes.'® Studies of water sorption isotherm have 
been carried out'® by changing the relative humidity (RH) at a constant temperature and 
following the approach to equilibrium.'® The level o f adsorbed water has a strong effect on the 
adsorption properties of zeolites such as NaX and LTA, for the adsorption of most molecules 
and so the samples need to be degassed or conditioned before use. In fact the effect of 
moisture or gaseous molecules on adsorptive properties is so important that outgas data needs 
to be taken into account before accurate adsorption comparisons can be attempted. Here 
RGA was used to defined the best outgas conditions. If the zeolites/composites used here
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were not conditioned at sufficiently high temperatures or for a sufficiently long period of time 
the NH j adsorption was dramatically reduced.
Preliminary data from the results obtained in this work are given in the Table 4.2 as part of 
defining the importance of a thorough pre-conditioning treatment for zeolite or zeolite- 
matehals before adsorption. Table 4.2 suggests that although much of the water/other gases 
may be removed witliin 4h at temperatures up to 773K, some zeolite samples have taken more 
than lOh to release excess water (as can be seen on the outgas RGA-MS scans). This is a major 
reason to marry zeolites witli carbons, rather than other materials, as they can be electrically 
heated to desorb carbon/zeolite volatiles to condition/regenerate in situ.
Table 4.2 Adsorption/desorption of NHj onto zeolite NaX
Minimum outgas time (h) T(K ) N H j adsorbed (m m oles/g)
10 773 18.6
4 773 9.7
2 773 5.1
PRO is desorbed in large quantities below 200min at 733K (see Figure 4.0.0), but some is held 
by the material for almost lOh. Its sample weight was decreased from 0.3073g to 0.2505g after 
outgas, indicating the sample contained 18.5% of volatile gases (mostly water before the 
conditioning treatment). Increasing the temperature would not necessarily increase the 
amount of volatiles released as the sample had already reached 733K within 60min, but the last 
residues of water were not released until 600min.
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1 4E-08
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1 .0E-08
O H
H 2 0
.OE-09
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t  (m in)
Figure 4.0.0 RGA of gases evolved in outgassing of MAST/NaX zeolite composite, from 
room temperature to 773K at lOK/min in Ar over a lOh pre-conditioning treatment
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4.6.8 Method of analysis
The method of pulse adsorption and TPD of NHj was as follows;
1) Sample conditioned under Ar at 773K for lOh to ensure HjO removal under Ar.
2) Ar switched on bypass for 10 min flush
3) N H j calibrations carried out in bypass mode (l-5cm^)
4) Ar carrier switched to pass through sample in reactor until equilibrium
5) Sample bed temperature monitored (295 + 2K)
6) Pulse injections of NHj performed at regular intervals until NHj breakthrough seen
7) Extra NHj pulses introduced to ensure complete saturation
8) Ar left to flow through sample until weakly desorbed NHj was removed
9) TPD heat ramp commenced at lOK/min to 773K
10) TPD data recorded as cycles versus temperature (furnace and sample).
11) After N H j baseline was re-acheived the Ar was switched to bypass mode
12) Ar allowed to equilibrate on bypass
13) N H j (l-5cm^) injection calibrations performed
4.6.9 RGA-MS method
Analysis was carried out using ESS VG Quadrupole, Sensorlab Residual Gas Analyser (RGA) 
that separates ions (produced by fragmentation) according to their mass to charge ratio (m/e). 
The instrument was fitted with a quadrupole detector which involved the application of 
alternating electric fields across four poles to allow this separation of ions to their respective 
m /e  ratios. Furthermore, it was important that the instrument operated under vacuum in 
order to maximise the mean free path of the ions reaching the detector; otherwise, ion 
recombination will mean they wiU not be detected. Concentrations were reported by the RGA 
as partial pressures, as an illustration, the measured internal pressure of the RGA was typically 
0.3mPa (i.e. about 3x10'^ atm.). Argon (RMM=40) was used as an inert carrier gas for the 
RGA. RGA provides a convenient on-line view of production/consumption o f major 
products/reactants and other chemicals.
The instrument can be set to look for ions in two modes, namely multiple ion monitoring 
(MI1VÇ, whereby specific ions are sought and detected in a continuous phase, or in an analogue 
mode, whereby the detector searches for all peaks up to a pre-determined molecular 
weight/charge and gives the information on each molecule as a peak area corresponding to the 
signal intensity of the molecule detected. In the NHj adsorption/desorption experiments
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H 2O , N2 and O2 were likely to be present, along with Ar carrier gas and the adsorbate NH3. 
Hence the MS-RGA can be used in MIM mode to continuously assess the level of these 
molecules and therefore only baseline flucmations need be assessed to reduce the chance of 
errors from air or moisture. The m /e values selected have been given in section 1.5.4.
4.7.0 RESULTS AND DISCUSSION
4.7.1 Calibrations
Random and systematic errors were assessed before the run was started and any possible 
contamination from air or moisture addressed. Preliminary work suggested H 2O and CO2 
may be present within the Argon carrier (even at 99.9% purity) and the NH. (at 99.8% purity). 
lcm \ 2cm^ and 5cm^ ammonia calibration injections were introduced (x 5) to assess the 
standard deviation of the pulse injections.
Table 4.3 Mean of five calibration injections and their standard deviations
Sample (cm^) Mean (mg) of 5 injections Standard Deviatiot
0 0 0
1 21 1.4
2 46.4 1.5
5 106.3 6.4
120
y = 21.279X + 0.8679  
= 0.998100
80
60
40
20
Volum e injected (cm )
Figure 4.0.1 Mean of 5 injections plotted as a graph
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The mean values of the 5 injections were plotted as a calibration graph to give an indication of 
accuracy (correlation). An R“ of 0.9981 is acceptable for practical purposes. Air/NH^ gas 
mixtures were also assessed to ensure that any possible contaminant was not likely to 
compromise data obtained from the analysis. For instance, the main fragmentation ion for 
NH j (NHj^ m /e  17) exists also in the fragmentation pattern for water as the m /e 17 hydroxyl 
ion (OH). Any moisture within the system (either introduced during injection of the NHj, in 
the carrier gas as a contaminant or released from the zeolite during the experimental run) 
would increase the m /e  17 and give a false result. The m /e  18 ion (H^O^) and m /e  15 (NFH 
moiety of NHj) were also assessed throughout the work for this reason. An air versus 
ammonia calibration was performed to assess the levels of interference from air contamination 
and the MS- RGA scan is provided (Figure 4.0.2). The peaks in P (atmos.) versus t (min) 
(Figure 4.0.2) were in the order of 5cm^air/0cm" NH. (22min), 4cm^ air/ 1cm" NH. (24min), 
3cmAir/2cm'NFIj (27min), 2cm’ air/3cm’ NFIj (32min), 1cm’ air/4cm’ NFIj (35min) and 
Ocm^  air/5cm^ NFIj (38min).
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Figure 4.0.2 Air/NH, ratios ranging from 5:0, 4:1, 3:2, 2:3,1:4, 0:5cm^ for air/NHj 
respectively (injected over 20-40min) a) m /e  17 (NHj), b) m /e  15 (NH), c) m /e 14 (N).
No m /e 17 (NHj or OH) moiety was found in the first injection at 22mins (the Ocm  ^ NH. 
5cm^ air injection) see Figure 4.0.2a. Only m /e 16 and 14 were found from oxygen and 
nitrogen derived from the 5cm^ air (as expected) (Figure 4.0.2c gives the m /e  14 profile). 
Therefore the NH 3 major ion of m /e 17 may be used for analysis, with reservation and careful 
monitoring of water release from the zeolite. The m /e 15 (NH^ moiety from fragmented 
N H 3) can also be found in nitrogen as the isotope N'^ but is still the best ion to use for 
ammonia assessment where water may be an issue, as the intensity in N^ is only 0.05% and so 
insignificant witliin tltis run (see Figure 4.0.2b). N , is not used as the inert carrier gas and 
would only be found in the system as air residues in the zeolite when replacing the sample 
under analysis or as a contaminant from air perhaps leaking into the system. However, the 
m /e 15 is not produced in significant quantities in NFI. so errors are likely to be magnified and 
therefore wherever possible m /e 17 will be used as the major ion source for NFI3. A small 
m /e  14 peak from the N 2 in air (<0.5cm") (see Figure 4.0.2c, the ‘supposedly’ 0 (air):5 (NFl3) 
cm’ peak at 38min) in each N H 3 injection is desirable as it acts as a ‘spike’ to mark injection 
points. N 2 is not adsorbed by the zeoHte/carbon material in significant quantities hence its use 
as a spike and neither is Og (on dry materials). The COg from air in the 0.5cm^ spike would be 
adsorbed by the material but it is in very small quantities, as it contributes only 0.033% of air. 
Therefore 0.033% of the 0.5cm^ air spike = 1.65x10 "^ cm^  CO2. The exact quantity of moles in 
each pulse can be calculated as follows:
No. of moles (n) = V(volume in L) /V^ (molar volume)
where = RT/p (R = 0.0820578 (L atm mol ' K '), T = 295K and p = 1 atmos.).
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Therefore the no. o f moles of COj in each 5cm^ N t f  injection pulse =1.65 x 10'^(L)/24.21 =
6 .8  X 10'^  moles = O.OOTpmol of COj per 5cm‘"pulse injection of NHj
Such ppt levels of adsorbate would be unlikely to hinder the adsorptive properties of the 
zeolite/carbons. The sample under analysis was ground and loosely packed into a stainless 
steel tube on silica wool. The reactor/wool was weighed with and without the sample to 
define accurately the mass of sample used to + 0.0002g. A thermocouple was positioned in 
the centre of the sample bed to monitor directly the temperature o f the sample at all times. 
Each sample was degassed by heating under an inert (argon) carrier gas flow to 773K for up to 
1 2 h. Then the sample was cooled to room temperature under an Ar flow. The argon carrier 
gas was switched to bypass the sample at the start and end o f each run, in order to perform a 
pre and post (l-5cm’) N H 3 calibration. The argon carrier gas was then switched to flow 
through the sample before the NH 3 adsorption injections. All mns were performed at 295K + 
IK. There were some days when the atmospheric temperature prohibited performing 
experimental work on this instrument due to the risk of overheating. Each N H 3 pulse injection 
performed was visible, despite, in many cases, the total adsorption of the N H 3 injected by the 
adsorbent material under analysis, due to a nitrogen ‘spike’ observed with each injection 
performed. TPD was then undertaken at lOK/min to 733K to give an assessment of 
irreversible NH 3 adsorption, T,,^  ^ and E  ^ (E  ^ was calculated from the gradient of a pseudo 
Arrhenius plot of In (conc.) versus 1/T(IQ taken from values (at 5-10% of rate of T„,^.
Data for, NaX/MAST composite, MAST™ carbon only and NaX zeolite only are now given 
to show the reader how the experimental runs are performed and assessed. The pre and post 
calibration (l-5cm^) values were used to plot a calibration graph from which the gradient was 
used to calculate the difference in the pulses injected and the amount of N H 3 detected after 
passing over the sample within the reactor. The calibrations, apparent in the full dynamic 
RGA-MS scan (see Figure 4.0.3), have been removed when representing data of each run, thus 
reducing the x-axis and enhancing the y-axis in order to focus on the N H 3 pulses, adsorption 
breakthrough and TPD desorption peaks. The calibration peaks have been replaced with a 
plotted graph of calibration mean values. It is important for the reader to keep in mind when 
reviewing the data graphs:
1) Calibration peaks are assessed by area (not height)
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2) Pure zeolite NaX is much denser than NaX/MAST carbon composite and MAST 
carbon, and as such, more (wt in g), was needed to loosely pack the reactor. The 
reactor packing was necessar)- in order to mimic the flow through a monolith, rather 
than have the adsorbate pass over the sample. The results are therefore best assessed as 
mmoles NH 3 adsorbed/g rather tlian volume of NH 3 adsorbed/experimental run.
3) Only a small percentage of the composite material is made up of zeolite (up to 22% 
depending on the precise sample) and therefore composite samples are only expected 
to adsorb a pereentage of the NH, adsorbed onto pure zeolite.
4) The carrier gas scan has been removed from the run, as it is in such excess that 
including it in the graph makes it more difficult to assess the data.
4.7.2 N H , adsorption-TPD on N aX/M A ST (activated) carbon
The sample was conditioned by heating to 723K for 10h+ then cooled under an Ar flow to 
room temperature. NPI, calibrations l-5cm’ was commenced in bypass sample mode before 
the adsorption run was commenced.
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—  NH3 
- - H 2 0
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Figure 4.0.3 RGA-MS during pulsing NH, on activated MAST/NaX composite at 295K
A graph of the pre and post calibrations taken for MAST/NaX activated carbon composite 
mn has been plotted along with the mean of the two calibrations (Figure 4.0.4).
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Figure 4.0.4 Data for NFL, calibration (l-5cm^) for activated MAST™/NaX (Figure 4.0.3)
After the pre 1-5cm" calibration run the Ar carrier gas was switched (evidenced in the main 
scan (Figure 4.0.3) by a nitrogen blip at about 38 min), to flow through die sample and the 
NH 3 pulse injections were commenced at 43min. The first 20cm^ of NH 3 was adsorbed by the 
composite material from the first four 5cm’ NI I3 pulse injections performed (at 43, 45, 46 and 
47min). Flowever, despite this adsorption and complete removal of ammonia from the pulses, 
the position of the 5cm" NH 3 pulses are illustrated by a nitrogen peak from air traces. The N, 
(represented in blue) introduced from the air during the injection is acting as a ‘spike’. The 
reader can view the point at which the composite had reached its adsorption 
capacit)'/saturation point and NH 3 breakthrough (room temperature desorption) was evident 
by the NH 3 scan (in red) rising from the baseline after the fourth pulse. In this particular 
sample adsorption capacity was reached (breakthrough occurred) after 4 x 5cm’ injections 
were made (but before the fifth) 5 extra 5cm" pulses were then made to ensure complete 
sample saturation before TPD. One can assume that 15cm" of NH 3 is adsorbed on this 
sample before breakthrough occurs (tliis hypothesis was supported by peak area calculations of 
the breakthrough curve and the TPD profile). In order to illustrate the ammonia pulse 
injections through the sample the y axis baseline was enhanced (from 8x10 ' to 1.6x10'^). Thus 
though N H 3 breakthrough appears to be large, in fact without adsoq^tion each 5cm’ N i l, 
pulse carried out in calibration/bypass mode would be found to be a much larger and sharper 
peak (i.e. rising to ~ 7x10"  ^atmos).
S.H.jones 136 10/02/2010
1.EÛ7
1.EÛ7
1.EÜ7
'g 8.ED8
I
^  6.EÛ8
Q.
4.ED8
42 44 5048 52 54 56 58
■N
■NH3
t(min)
Figure 4,0.5 Injections of NH, (9 x 5cm’) to activated MAST/NaX composite at 295K
The number of moles of an ideal gas adsorbed by a sample, at standard temperature and 
pressure, can be found as follows:
n (no. of moles) — V (volume in L) /  (molar volume) where; = RT/p = 24.21
R = 0.0820578 (L atm mol^ K‘^ ) x T = 295K /  p = 1 atmos (101 kPa).
Therefore as = 24.21. If V = 15cm" (0.015L) adsorption then V/V^ would be 0.015/24.21 
(if we ignore the non-ideality of ammonia since hydrogen bonding is minimal in the gaseous 
state at standard temperature and pressure (STP)).
Thus by taking only the first three (completely adsorbed) injection pulses into account and 
assuming adsorption is arrested as soon as breakthrough appears it can be assumed that 15cm" 
(0.015L) are adsorbed onto the 0.3073g of MAST/NaX.
Then V/V^, is 0.015/24.21 = 6.2x10“* moles (0.62 mmoles) and as 0.3073g of sample was
used, 0.62 mmoles/0.3073 = 2.02mmoles/g of NH, adsorbed onto this MAST/NaX 
composite. With 9.6% zeolite NaX within this particular composite (TGA) the zeolite must 
adsorb 2.02/9.6 x 100 = 21.00 mmoles/g of NH, at 100% zeolite. 21mmoles/g is therefore 
the expected extent of zeolite adsorption if carbon adsorbs nothing. IT D  was commenced.
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The sample was left in an Ar inert carrier gas flow stream for Ih to desorb any weakly 
adsorbed ammonia molecules before a TPD heat ramp was started (lOK/min to 733K) A 
portion of the MAST/NaX composite heat ramp TPD (from 290-600K) is shown in the scan 
below (y axis amended for clarity):
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Figure 4.0.6 TPD of NH 3 on MAST/NaX (9.6% zeolite) composite at 1 OK/min to 733K
The H gO  was released separately from N H . and started to desorb at 335K, just before N H 3 
(Tma.x -  343K). This properly- may be extremely useful for the regeneration of die adsorbent 
after adsorption. The m /e 17 is also a moiety in the MS fragmentation pattern of water and so 
care needed to be made when calculating the extent of N H 3 release from the adsorbent; hence 
the N H  ion (m/e 15) can be used alone for calculation or used as a N H 3 peak area check.
The maximum extent of NPI3 adsorption (including weakly adsorbed N I I3 that is desorbed at 
room temperature) was assessed. The weakly adsorbed (breakthrough peak area) and strongly 
adsorbed (TPD) peak areas were calculated to assess the level of reversible and irreversible 
adsorption. Reversible adsorption was assumed if all the N H 3 injected across the sample can 
be accounted for by addition of peak areas (from the breakthrough and the Tl^D heat ramp 
curves). Irreversible adsorption was assumed if a proportion of the ammonia adsorbed is not 
found/cannot be accounted for when the breakthrough curve and TPD heat ramp curve
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combined are calculated as cm  ^ adsorbed. The calibration data (Figure 4.0.4) was used to 
calculate the breakthrough and heat ramp peak areas and convert the area to volume desorbed.
Using the peak area data, adsorption of NHj by the adsorbent materials can be calculated from 
Y = mx + c, y = 4.69x — 0.73 (see Figure 4.0.4)
Breakthrough area in mg 140.06 mg
TPD area in mg 18.32 mg
If y = mx+c, X  = (y-c)/m, if areas are expressed as x in mg then
Breakthrough area (defined as x), x=(140.063+0.845)/4.445 = 30.02 cm^
Amount injected = 45.00 cm"
Amount injected — desorbed as breakthrough = amount ads 14.98 cm^
NH. ads/g MNaX = 2 .0 2 mmol/g
14.98cmV0.3073g = 48.75cm^ adsorbed/g of MAST™/NaX. This volume (V) in L is 0.04875 
and as V„ = R T/p = 24.21 (0.0820578 x 295/1 = 24.21) therefore is V /V^ = 
0.04875(L)/24.21 = 2.01mmol/g of MAST/NaX composite. To obtain mm ol/g of NaX at a 
wt% loading of 9.6% then 2.01/9.6 (NaX loading) x 100 = 20.98mmol/g NaX
This sample was an extremely well conditioned (10h+). The activated carbon composites, 
contrary to expectations, indicated a much greater percentage of irreversible ammonia 
adsorption than the carbonised only composites. The activated carbons were expected to 
adsorb the ammonia very weakly and then slowly room temperature desorb. But, on the 
composite material adsorption appears to be strong (chemisorption is possible) as only a 
percentage of the ammonia was desorbed below 733K (674K inside the reactor bed). 
Temperatures higher than those administered would be needed to assess if chemisorption was 
taking place. (The furnace has only been calibrated up to 773IQ. The activated MAST/NaX 
composite adsorbed 2 .0 1  mmol/g of NH, but, that equates to adsorption of 2 1 .0 0 mmoles/g 
NaX, at 9.6% zeolite loading (on this particular sample). The adsorption properties of the 
zeolite are not hindered when supported on a carbon substrate, though regeneration appears 
to be hindered, so adsorption may be due to chemisorption properties attributed to the 
carbon/NaX after composite synthesis.
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Figure 4.0.7 TPD of NPI. m /e 15 (NH) of MAST/NaX at lOK/min to 733K in Ar flow
The TPD heat ramp, T ^^  343K indicated weak to medium physisorption and one peak 
maximum suggested adsorption was associated with only one type of Bronsted acid site. IT e 
shoulder on the NH 3 m /e 17 peak (Figure 4.0.6) was actually attributed to PI2O as the OPl 
peak ( N H 3 and OH are both m /e 17). Hence area was assessed from m /e 15 (N H ) .
3 3 3
Figure 4.0.8 Pseudo-Arrhenius plot for NH 3 TPD of activated MAST/NaX
Ejj taken from the graph (5-10% of the main rate at T^ ,^, in TPD) gave an of 8 6 kJ/mol.
(i.e. the gradient m ^-E ^R , E^ = 10401 x 8.315 = 86479 J/mol).
It is likely that tlie increased activation energy (calculated from the gradient in Figure 4.0.8) is 
due to carbon re-adsorbing the NH, as it desorbs from zeolite NaX within the composite. 
Irreversible adsorption in this sample is 73%. As soon as the sample had cooled from the 
previous TPD and the post calibrations had been performed, another experimental N II3
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adsorption run was performed to assess the sample for readsorption parameters. A complete 
NIIj dynamic MS-RGA scan of the re-adsorption 5cm^ pulse injection, with N il, 
breakthrough (0-25min), the TPD desorption (80-100min) and a post calibration l-5cm^ (139- 
170min) is shown in Figure 4.0.9
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Figure 4.0.9 RGA-MS analysis of N il, readsorbed on M AST^'/NaX composite at 295K
As readsorption was being undertaken immediately after cooHng down from TPD, only the 
final calibration peaks were carried out (see Figure 4.10)
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Figure 4.10 Data for calibration for N i l, readsorbed on MAST^^'/NaX (Figure 4.0.9)
In this readsorption only one 5cm  ^ injection pulse is completely adsorbed as breakthrough 
occurred after the second pulse, but before the tliird. N il, breakthrough can be witnessed by 
focusing on the red scan in the magnified region of the full profile (see Figure 4.11).
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Figure 4.11. MS-RGA of NH, readsorbed on MAST/NaX composite at 295K
The sample was left for ~ Ih under flowing Ar to desorb any weakly adsorbed NH, before 
TPD was commenced (lOK/min) to 733K. The TPD profiles are given in Figure 4.12.
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Figure 4.12 TPD of NFI, readsorbed on MAST/NaX composite at 1 OK/min to 733K
The H2O is once again released separately from NH, and once again FRO starts to desorb at 
around 340K (just before NH, T^^  ^(340K)). Tire N H  peak of Figure 4.12 has been isolated in 
Figure 4.13. As in Figure 4.12. TPD was 1ÜK/min to 733K in Ar flow.
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Figure 4.13 TPD of NPI. m /e 15 ion (NH) readsorbed on M A ST^'^aX , ( T ^  = 340K)
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Figure 4.14 Pseudo- Arrhenius plot for E,^  analysis (59k}/mol), NH^ TPD from rcadsoqition 
on MAST/NaX composite. Data from Figure 4.13.
Calculating the amount of NH, readsorbed on the activated MAST*^‘/N aX  composite
Ramp peak area in mg = 7.48
Breakthrough peak area mg = 40.45
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c  (from calibration graph) = -0.4619
M (from calibration graph) = 2.9241
Volume 
N H 3 ads.
mmoles 
(on 0.3073g)
m m ol/g NaX  
(m m oles/g)
Ramp X = 2.72 cm^ 0 .1 1 0.37 3.82
Breakthrough = 13.99 cm"
Total = 16.01 cm"
Volume injected = 30.00 cm"
cm  ^irreversibly ads. 13.29 cm" 0.55 1.79 18.65
Total NH 3 adsorbed 0 .6 6 2.16 22.47
Using y=mx4-C from the calibration graph (c = -0.4619 and m = 2.9241, see Figure 4.10) the 
peak areas for NH 3 breakthrough and TPD from area in mg were converted to volume in cm  ^
as described in the next paragraph:
The breakthrough peak in this case corresponds to 40.25mg (actual gravimetric value o f peak 
area) and this is used to find x (cm^) by rearranging the equation from the calibration graph (of 
the peak area l-5cm^ gravimetric values) y = mx +c to x = y-c/m. Therefore x = (40 
.45+0.4619)/2.9241 = 13.99cm^ (as shown in the above table). Since the 13.99cm^ is related to 
breakthrough it is then the non-ads orbed portion and can be subtracted from the volume 
injected (30cm’). The total amount adsorbed then is 16.01cm^. 2.72cm^ of this is TPD so is 
reversibly adsorbed and the rest remains adsorbed on the sample (at the maximum TPD 
temperature used). To find 16.01 cm  ^in moles NH, (V/V,J is used. = R T /p = 24.21 has 
already been established (see page 138) and so V /V ^ 0.01601/24.21 = 6.613x10^ moles. This 
is the amount adsorbed onto 0.3073g of sample so to convert to mol/g. Then 6.613x10 
■'/0.3073 = 2.152x10 ’/g  of sample and because there is 9.6% zeolite in the sample then 
2.152x10'^ /9.6 X  100 = 0.02242mol/g (NaX zeolite) so 22.42mmol of N H 3 is adsorbed /g  of 
zeolite NaX (in the composite). A slight difference in the two values exists due to rounding up 
values.
Readsorption on this particular composite material was not significantly affected by prior N H 3 
adsorption. In fact the adsorption is greater on the readsorbed sample.
4.7.3 N H 3 adsorption-TPD on MAST™CARBON
An assessment of the carbon was carried out (as a blank), to review the adsorption
capacity of carbon alone. The complete scan including calibrations is in Figure 4.15. Since
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carbon was not expected to adsorb NHj well, the pulse injections were of 3cm\ However, the 
calibration plot (Figure 4.16) was still for the range l-5cm.^
It is important to note that 0.640g of sample was used (double tire MAST/NaX sample).
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Figure 4.15 MS-RGA analysis of NHj adsorption on MAST™ carbon blank at 295K
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Figure. 4 16 Data for NH, caHbration pulses for MA.ST^ '^^  carbon (see Figure 4.15)
As in the previous run for NH, analysis of MAST^'^'carbon composite, adsorption capacity is 
indicated by the red breakthrough peak and can be seen immediately following the injections. 
10 X 3cm^ pulse injections were made followed by 3 x lOcm  ^injections to saturate completely 
the sample. The calibrations have been plotted in Figure 4.16 and the first 10 pulse injection 
region of the complete RGA profile (Figure 4.15) has been magnified and can be seen in
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Figure 4.17. Breakthrough of the adsorbing NH, is indicated by the red scan line. A small 
amount of NHj appears to be weakly adsorbed, but is immediately desorbed again (as is 
common with weakly adsorbing materials).
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Figure 4.17 MS-RGA analysis, pulse injections and breakthrough of NH 3 adsorption on
M/VSt*'"' carbon at 295K.
In the TPD (see Figure 4.18) only minute quantities of NFI3 are desorbed (0.07mmoles/g) 
using the peak area of NH m /e 15. The small peak wimessed in the TPD profile contains 
only H2O (only by massive magnification of the y axis can the m /e 15 peak be clearly seen). 
The red m /e  17 moiety- in this TPD can also then be attributed to the HgO desorbed (i.e. the 
OH moiety-). If the NH, was desorbed in the TPD programme, the level of m /e 15 and m /e 
17 would correlate to the standard m /e 15/17 relative intensity of NH 3 6/100 and would be 
comparable with the m /e  15/17 relative intensity in the calibration graphs. The N H 3 volume 
injected was 60cm^ whereas the total volume desorbed is 55.5cm^ (see breakthrough in Figure 
4.17 and TPD in Figure 4.18b). As preHously stated such a small signal from the m /e 15 ion 
tends to amplify any errors in TPD peak area calculation but with the m /e 17 attributed to 
FRO in this sample the author has no alternative ion to use to assess desorption. It is of 
course possible that the small amount of ammonia adsorbed is then imperceptibly desorbed at 
a low rate over Ih before (TPD) is begun. Flowever, the whole baseline has been assessed for 
increased ammonia and none can be found other than in the breakthrough and TPD region. 
It is possible that this small portion of ammonia is irreversibly adsorbed onto the carbonised 
MAST as adsorption may be connected to the carbon’s acidity. Huang et al.'^ ’ witnessed an
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adsorption of 0.134mmol (NH;)/g (coconut shell carbon) within an assessment of acidity, in 
the region 0.252tnmol/g. Based on Huang’s*^  results adsorption on the IvIAST^’^* carbon (of 
acidity 0.309mmol/g) should be 0.165mmol/g and was found to be 0.290mmol/g, with 
0 .2 2 0 m m ol/g irreversibly adsorbed.
These results support somewhat the suggestion that a small amount of NH 3 irreversibly held is 
attributed to carbon acidity.
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Despite low levels of m /e 15, it is clear that NH- and H^O are desorbed simultaneously
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Figure 4.18a.NH; TPD from MAST^^‘ over t(min) and b. over T(K) (lOK/min to 733K);
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Figure 4.19 Pseudo-Arrhenius plot for carbonised MAST^‘^ (^ln (conc NPI3) versus 1/T(K)), 5
10% of the maximum rate of T ^^  from NH, TPD, data from Figure 4.18b. = 9627.2 x
8.31451 = 80kJ/mol
Errors in this tlie MAST^^' carbon blank mn were expected to be amplified due to tire extreme 
y axis augmentation needed to get results. Therefore the results are much better than 
expected. Carbonised MAST™ was not expected to adsorb ammonia well. Hence its use as a 
non-complicating substrate and this was found to be tme. If the NH, assumed to be 
irreversibly adsorbed onto the carbon is not adsorbed but the result of errors due to baseline 
amplification or some sort of system leak. This would indicate an error margin of 9%, which 
is not entirely unacceptable in such experimentation. No re-adsorption was carried out on this 
sample since the substrate did not adsorb significant amounts of sample in the first adsorption.
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4.7.4 NaX zeolite N H j adsorption and desorption experimental run
An assessment of NaX zeolite was also carried out. The complete profile including pre- 
calibration (l-5cm’) is shown below. The NaX performed much better than expected and 
over 200cm’ of pure (99.8%) NHj was adsorbed. Therefore after 29 x 5cm’ injections the 
NHj pulses were increased to 10cm\ Breakthrough occurred on the 8 * lOcm^ pulse. 
Therefore approximately 225cm’ of NH^ was adsorbed onto 0.5281g of sample before 
breakthrough/sample saturation. Pulse injections were continued to a total of 435cm’ (the 58 
pulses are not clear in the complete run profile Figure 4.20 due to scale), even though 
represented by the nitrogen injection peak ‘spike’ presented in blue, but they are presented 
more clearly in Figure 4.22). Post calibration was not performed due to datafile size limits.
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Figure 4.20 MS-RGA analysis of NH 3 pulses on NaX at 295K (10h+ preconditioned)
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Figure 4.21 Data for calibration (l-5cm’) of NFI3 adsorbed on NaX zeolite (Figure 4.20) 
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The calibration graph was used to calculate the amount of ammonia adsorbed on the NaX 
sample as well as the levels of reversible and irreversible adsorption.
Ramp area in mg = 837.32
Breakthrough area mg = 742.03
c from calibration = -0.8624
m from calibration = 3.7625
Volume cm’
mmoles 
(on 0.5281g) mmol/g
Ramp in (cm’) = 222.77 9.22 17.46
Breakthrough in (cm3) = 197.45
Total = 420.22
Volume injected = 435.00
cm’ irreversibly ads. 14.78 0.61 1.16
Total N H 3 adsorbed 237.55 9.83 18.62
Due to the strong adsorption of ammonia by this zeolite, the run lasted 18h+ and was stopped 
as the computer data file approached its limit (i.e. only a certain amount of data can be stored 
in each datafile before overloading and system errors occur). The total amount desorbed (as 
breakthrough and TPD) in this run was 420.22cm’. 435cm’ was injection over the sample in 
5 /10cm’ pulses. Therefore 6.22% is irreversibly adsorbed on this sample, and 18.62 m mol/g 
NHj adsorbed in total (9.83mmol adsorbed /  0.5281g (the wt of sample used in the run))
Each NH 3 pulse had been fully adsorbed and so are absent from the NH 3 line of the scan, but 
are once again indicated by the blue nitrogen peak ‘spikes’ (difficult to see in the full scan but 
more easily visualized in Figure 4.22). The adsorption capacity of NaX to N H 3 is indicated by 
the red N H 3 breakthrough peak, immediately following the 37* injection. Zeolites adsorb by 
strong physisorption and very occasionally chemisorption, so even when left overnight in 
flowing Ar to desorb any weakly adsorbed NH 3 (this zeolite was left for 8.5h) there is still a 
substantial amount of ammonia found in the subsequent TPD. A magnification of the N H 3 
pulse injection region (taken from the complete RGA profile for NaX shown in Figure 4.20) is 
provided in Figure 4.22, to highlight the first 48 pulses and NH 3 breakthrough.
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Figure 4.22 MS-RGA analysis of NH- pulse injections on NaX zeolite at 295K
In the TPD the pressures for m /e 15 and m /e  17 correlate well. In this NaX zeolite run HjO 
starts to desorb as the NH- desorption is almost complete. Tlierefore rates of desorption for 
NH 3/H 2O are slightly different for all three samples. The MAST/NaX composites suggest 
slightly different physical properties to those of MAST and NaX zeolites separately. In this 
run, the discrepancy between the amount injected and desorbed is just 6 .2 %. Therefore 6 % 
NH 3 can be said to be irreversibly adsorbed. A greater level of irreversibly adsorbed N H 3 was 
expected for tliis zeolite, (Lui found'^ NaY, HY and CuY adsorb ammonia irreversibly at 19, 
20 and 31% respectively).
TPD analysis of the gases evolved (Figure 4.23) show that, although there is a small amount of 
FRO given off with the NFI3 most is desorbed after NFI3 desorption is complete allowing for 
the gases to be TPD separated (NH3 T,„^~410K, H2O 600K^.
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Figure 4.23 TPD of N H 3 and H2O from NaX zeolite over time (at lOK/min to 733K)
S.H.jones 151 10/02/2010
The peak for NH (m/e 15) shown in Figure 4.23 above mirrors the (m/e 17) NH, moiety. 
Therefore the m /e  17 major peak in tliis profile is from the NH, and not HgO.
0.07
0.06 -
0.05 ■
0.04-
17.46mmol N H ,/g
200 250 350300 400 450
T(K)
500 550 600 650 700
Figure 4.24 NH, TPD (lOK/mm to 733K), T ^  = 393 - 420K
The graph above (Figure 4.24) indicates two discreet peaks may be overlapping and if this is so 
the NH, is desorbing from two types of Bronsted acid sites.
Figure 4.25, is a pseudo-Arrhenius plot for the data in Figure 4.24 (at 5-10% of the maximum 
rate of NH, desorption) suggests Ea = 61kJ/mol.
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Figure 4.25 Pseudo-Arrhenius plot of NH, TPD of E.^  = 61 kj/mol.
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4.7.5 N H ) readsorption-desotption from NaX
The ability of zeolite NaX to readsorb NHj was also assessed (Figure 4.26). After TPD to 
733K under argon flow, the sample was considered conditioned and after cooling to 295K a 
sample readsorption run was started. The two runs have been spliced together in the Figure 
4.26. Tlierefore there is a l-5cm^ calibration (0-50min) NH) pulses (~50-300min), TPD 
(~750-900min), a second calibration l-5cm^ (~900-1100min), and finally a second batch of 
pulses (—1100-1400min).
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Figure 4.26 MS-RGA analysis of NH) adsorption, TPD and readsorption on NaX
The readsorption pulses started after the second set of calibrations (at around 1100 min) in 
Figure 4.26 and this section of the profile is magnified below (once again x and y-axis amended 
for clarity). Tliis time 10cm’ injections were used for speed. Tlie injection pulses are once 
again visible due to the nitrogen ‘spike’. Breakthrough is shown after 160cm^ (16xl0cm^) NH) 
is injected.
t  ( m i n )
Figure 4.27 MS-RGA analysis of NH) readsorbed onto NaX (10cm’ pulses), NaX 2'“*
adsorption breakthrough
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The pulses were continued to ensure sample saturation until 23 (x lOcm^) injection pulses had 
been applied. Calculations suggest the sample adsorbs 192cm^ of the N II3 injected (363.6cm’ 
or 15.05mmol/g since wt of sample = 0.5281g as in the original run). Tlierefore 81% of the 
original weight of ammonia adsorbed was re-adsorbed (based on the calculation 15.05mmol/g 
adsorbed divided by the previous 18.62mmol/g previously adsorbed x 100 = 81%). The 
previous run on the same sample indicated that 7% of the ammonia adsorbate had been 
irreversibly adsorbed. Hence the maximum adsorption expected was 17.32mmol/g (93% of 
18.62mmol/g). The sample was subject to TPD, immediately cooled and then left for 12h+ in 
an Ar flow (rather than heated for 10h+ as in the first adsorption on this sample). Hierefore 
water and CO, contamination from the un filtered argon gas stream is possible. An overlay of 
the first and second N H 3 TPD carried out on tlie zeolite NaX samples can be found below 
(Figure 4.28). Tlie second TPD was not taken to completion, but even so it is obvious that the 
second TPD mirrors the first one.
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Figure 4.28 First and second NHj TPD profiles of NaX (1 OK/min to 733K)
Due to profile similarity the T ^^  was judged to be the same as the first adsorption run 
(i.e.420K). Pseudo Arrhenius analysis was carried out on data at 5-10% of the maximum rate 
of desorption. Such data (plotted in Figure 4.29) suggest an Ea of 53kJ/mol.
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Figute 4.29 Pseudo— Arrhenius plot of second NaX NHj TPD, = 53kJ/mol.
Experimental NPI3 runs have been performed on two other NaX zeolite samples but the runs 
were performed specifically to assess the importance of the conditioning treatment on the 
sample. Tliey cannot be considered duplicate runs as the different moisture levels give rise to 
different adsorbency. Data for these NaX runs has been tabulated and can be found in section
4.4.7 (Table 4.2)
4.7.6 N H 3 desorption from NaX
It was expected tliat for NaX and its composites humidity would be significant in N H 3 
adsorption, more humid samples were expected to be less adsorbent due to water molecules 
occupying key Bronsted acid sites. The experimental work carried out on two under- 
conditioned (less well dried) NaX samples supported this assumption (see Table 4.2) 
assumption and, as expected, greater NPI- adsorption was found with longer pre-conditioning 
treatments. TPD carried out on these two samples are however, much more interesting than 
expected. The TPD of the 4h outgas/ heat conditioned NaX zeolite sample (code 
02NaXNH3 - Outgas 2, Figure 4.30) and the 2h outgas/heat conditioned NaX zeolite (code 
03NaXNH3 - Outgas 3, Figure 4.31) profiles have been included. The 4h outgas sample 
suggests N II3  desorption from at least two sorption sites, while the 2h outgas sample suggests 
NH 3 desorption is given off as pulses (at least 8  T^^^/sorption sites are apparent) and the 
pulses suggest a connectivity to the PfiO molecules held witlrin tlie zeolite framework. Ih e  
H 2O (m/e 18) profile at low levels also appears to pulse and so this may be an MS-RGA 
artefact or due to heat fluctuation in the furnace. The temperature inside the reactor dropped 
just before 11^0 was released but then this is an endothermie process. A sharp temperature
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drop of more than 20K was witnessed in the very humid zeolite samples. These temperature 
drops were noticeable because as the external furnace thermocouple indicated a regular 
increase in furnace ramp rate (lOK/min), as set by tlie author, the thermocouple inside the 
furnace indicates a large temperature drop just before the release of water. The author 
suggests that zeolite crystals reach the temperature whereby they start to release the adsorbed 
N H 3 but then the desorption is quenched by a temperature drop within the reactor due to the 
endothermie release from zeolite of its water or NH.. The m /e  18 ion (H^O) pulsing, mirrors 
the m /e  17 (NH.) pulsing and there could be a thermal feedback between the two. Abello 
suggested there were problems with calculating activation energies due to a shift of T ^^  when 
composite materials are used as adsorbents, because the adsorbate molecules could be 
desorbing from one material and tlien readsorbing in the other thus sliifhng T^^^ Ammonia is 
miscible with water (despite ammonia’s low bpt of 240K, it is still miscible at levels of 28% at 
323K), so it is possible that the zeolitic free water in the large central cavities of zeolite NaX is 
acting as a second sorbent material. Desorption of the NH. in high water content zeolites may 
involve desorption from the zeolite structure and a series of 
absorption/desorption/adsorption/desorptions on the water/ zeolite surfaces, due to 
hydrogen bonding, as the gaseous NHj molecules diffuse through the zeolite during 
desorption. Further adsorption/humidity work on zeolites is obviously needed to support this 
theory. The NH 3 TPD heat ramp peaks for a 4h outgas (heat pre-conditioned) NaX zeolite 
and a 2h outgas NaX zeolite are provided. (Figures 4.30 and 4.31 respectively).
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Figure 4.30 MS-RGA of NH 3 TPD of the 4h outgassed NaX (lOK/min to 733K) 
S.H.jones 156 10/02/2010
In the 4h outgas TPD profile (Figure 4.30). H^O is given of after the NH. and N H 3 is 
desorbed from at least two distinct maxima. The m /e 17 ion is unlikely to be water since it is 
in excess of the m /e 18 ion and is mirrored by m /e  15. Tlie TPD profile for the outgas 3 (2 h 
outgassed sample), Figure 4.31, indicates the pulse or wave phenomenon described.
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Figure 4.31. MS-RGA analysis of NH 3 'ITD (2h outgas) of NaX (lOK/min to 733K)
The m /e 18 pulsing that mirror the N H 3 can be seen more clearly in the magnified water 
desorption profile (Figure 4.32)
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Figure 4.32. MS-RGA analysis of HgO TPD (2h outgas) over time (min)
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4.7.7 N H 3 adsorption and TPD on M AST/NaX (containing TMAH).
When synthesising zeolite in the macropores o f carbon the role of the templating agent 
(TMAH) was considered (see Chapter 3, section 1.7.2.2). In characterisation analysis by XRD, 
NMR and SEM no difference was found in the materials synthesised with or without TMAH. 
However, BET results suggested that the adsorption properties of NaX produced from the 
TMAH recipe were inferior to those produced without using a template (BET Nj adsorption 
suggested 5^^ of 846m^/g (without TMAH) and 716m"/g (with TMAH)). This is probably 
because the TMAH after synthesis should be released from the pores by heating the zeolites at 
temperatures above 773K in an oxidising atmosphere (not possible with the composite 
materials as the carbon substrate would be oxidised too). TMAH removal at high temperature 
has been known to cause damage to the crystal structure (see Chapter 3 for more details) and 
so is undesirable even when carbon is not used. There appears to be no point in using this 
toxic, expensive and environmentally damaging chemical to synthesize NaX zeolite for 
ammonia adsorption as the recipe without using the template forms better materials and 
ammonia adsorption was apparentiy hindered by TMAH templating agent. Researchers 
wishing to produce very large zeolite crystals for single crystal analysis, however, may need to 
use the TMAH to increase the viscosity of the synthesis solution in order to slow down the 
reaction for large crystal formation (see Chapter 3, section 1.3.0) but then this might be 
achieved in other ways. Also, TMAH incorporated composite samples tended to perform 
better for the adsorption of HFC-134a than the same zeolite synthesized without it (see 
Chapter 5). This is perhaps due to the slightly acidic nature of the molecule. For the analysis 
of ammonia adsorbed onto the MAST/NaX zeolite composite synthesised with TMAH, the 
sample was pre-conditioned by heating to 723K for 10h+ and then cooled under an argon 
flow to room temperature. N H 3 calibrations l-5cm^ was commenced in bypass sample mode 
before the adsorption run was started. A dynamic MS-RGA profile of the complete 
adsorption and TPD mn including the pre-calibration data can be seen in Figure 4.33.
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Figure 4.33 MS-RGA analysis of NHj adsorption on MAST/NaX (TMAH) at 295K
ITic calibration peak areas l-5cm^have been plotted and the gradient used to calculate the 
amount adsorbed by the MAST/NaX (TMAH) carbonised composite sample.
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Figure 4.34 Data for NH, calibration graph MAST/NaX (TMAH) (see Figure 4.33)
Sample runs were carried out as with the other adsorbents. Therefore, after the initial 
calibrations the carrier gas was switched to pass through the sample and the 5cm^ NFI, pulse 
injections performed wliile the sample was held at 295 + IK. In this sample 10 (5cm^) pulses 
of NH, were introduced (obvious due to the Ng ‘spike’). NH, breakthrough was visible after 
the 8 th pulse as the red scan line starting to rise from a baseline position at 192min. Another 5 
(10cm’) NH, pulses were introduced in rapid succession to ensure complete saturation of the
S.H.Jones 159 10/02/2010
composite sample with N H 3 The sample was then left to desorb any weakly adsorbed N H 3 
for 2h under the Ar carrier gas, before the TPD was begun from room temperamre to 733K.
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Figure 4.35 MS-RGA of NH, on MAST/NaX (TMAH) at 295K (rescaled Figure 4.33)
Ihe TPD NH 3 profile of the MAST/NaX /hMAl 1) suggested that NH 3 release has diree peak 
maxima. Tire data has been magnified for clarity.
2.5E-08 -
2.OE-O8 -
1.58mmol
NH3/g1.5E-08 -
1.0E-08 -
5.0E-09 -
O.OE+00
230 330280 380 430 480 530
NH
NH3
T(K)
Figure 4.36 NH. TPD profile of MAST/NaX (TIV4AH) composite (lOK/min to 733K)
Three peak maxima are seen in the NH, TPD. T^^^ (Figure 4.36) at 360K, 394K and 420K, 
and may reflect different sites or site energies.
The Peak area was calculated from the gradient of the calibration graph, 
y = mx + c, y = 2.4671 - 0.2996 and the amount of sample used was 0.5450g.
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Ramp area mg = 51.00
Breakthrough area 195.00
c = from calibration -0.2996
m = from calibration 2.4671
Volume
cm^
mmoles
(0.5450g)
NaX /MAST
(mmol/g)
NaX
(mmol/g)
Ramp X — 20T9 0 . 8 6 1 A8 5.64
Breakthrough = 79T6
Total = 99.95
Volume injected - 100.00
cm" irreversibly ads. 0.05 aoo2 0.004 0.01
Total NH, adsorbed 2E84 0 Œ6 1.58 5.65
Sample contains 28% NaX zeolite (refer to Chapter 3 for TGA zeolite and residue results)
Data at 5-10% maximum rate of desorption was plotted in a pseudo-Arrhenius manner in 
Figure 4.37. Suggests an activation of 78kJ/mol.
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Figure 4.37 Pseudo-Arrhenius plot for TPD for MAST/NaX(TMAH) (E  ^= 78k|/mol)
4.7.8 N H ) re-adsorption — desorption on M AST/NaX (TMAH)
This sample was conditioned by heating to 733K to desorb the previously adsorbed ammonia 
(and other vola dies), then cooled under an Ar flow to room temperature. N il, calibrations (1- 
5cm^) were performed in sample bypass mode before the adsorption mn was started. The 
complete profile for adsorption and IP D , including the pre-calibration data, is presented 
overleaf (Figure 4.38).
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Figure 4.38 MS-RGA analysis of NH. readsorbed on MAST/NaX (TMAH) at 295K
Tlic complete profile of the experimental run is shown in Figure 4.38 for the readsorption of 
NH 3 on the MAST^^YNaX (TMAH). The (l-5cm^) NFI3 pre-calibrations are apparent at the 
beginning of the run (0-50min), 5 (5cm’) pulses and an NH. breakthrough (~75-150min), 3 
(5cm^) pulses and a NH 3 breakthrough (~230-300min) and a TPD (~325-3SOmin).
Diffusion is also a factor in the adsorptive properties of zeolites and the autlior wished to 
consider the effect of the rates of pulse injection on the adsorption capacity. Therefore, the 
pulse injections, in this run, were administered more slowly and less frequently. The same 
quantity of ammonia was used (5cm’ pulses) but by a slower rate of administration and 
therefore of a lower concentration/ volume within the carrier gas stream. Pulses were also 
more spaced apart to allow the gas time to diffuse throughout the zeolite crystals before the 
next injection was introduced. This time (after 5 x 5cm^ NH. injection pulses), when the 
composite material showed signs of reaching saturation, as indicated by the N H 3 profile rising 
from the baseline, the injections were suspended, until the NH. scan had returned to baseline. 
Only then, were more pulse injections were introduced (i.e. 3 x 5cm  ^ more pulses) before 
saturation was apparent. The relevant MS-RGA profile is given in Figure 4.38 and the 
subsequent TPD profile in Figure. 4.39.
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Figure 4.39 NH, TPD from MAST/NaX(TMAH) (lOK/min to 733K) on which NH, had 
been rcadsorhed at 295K.
T,„^  ^ at 368K and 402K indicate NH, desorption from two Bronsted acid sites of different 
energies. Pseudo Arrhenius analysis was carried out, as previously, to give Figure 4.40 which 
suggests an of 50kJ/mol
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Figure 4.40.Pseudo Arrhenius plot TPD of readsorbed MAST/NaX(TMAH); = 50k|/mol.
Perhaps residues of TMAH witliin the sample were removed by a combination of ammonia 
and thermal desorption during die first TPD performed on the sample. After the re­
adsorption the second TPD peak at 402K is probably a delayed 393K peak (expected for NaX
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zeolite). was lowered (along with The tliird TPD peak of 42ÜK that was witnessed
in the first desorption of this sample before readsorption was started (Figure 4.36) may be 
ascribed to influences from the TMAH templating agent.
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Figure 4.41 Calibration data for NH 3 readsorbed onto MAST/NaX (TMAH) (Figure 4.38)
Y=mx+c, so X = (}"-c)/m, when m = 3.6067 and c = - 0.5512
TPD ramp area 44.985mg
Breakthrough area 55.464mg
c = (see Figure 4.41) -0.5512
m=(see Figure 4.41) 3.6067
Volume cm^
mmoles m m oles/g 
(0.5450g)
NaX  
m m oles/g
Ramp X = 12.63 0.52 0.95 3.4
Breakthrough = 15.53
Total = 28.16
Volume injected = 40.00
cm" irreversibly ads. 11.84 0.49 0.90 3.2
Total NH 3 adsorbed 24.47
1 .0 1 1.85 6 .6
Hence ammonia adsorption has increased from 5.7 to 6 .6  (mmol/g of NaX) on the ammonia 
readsorbed sample but irreversible adsorption has also increased (to 48%).
Data on IE  LTA/ N f^^ LTA/ LTA zeolite and composites has been included (as a one page 
per sample format) in Appendix 4. Ion exchange details can be found in Chapter 6 .
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4.8.0 DISCUSSION
These results indicate that activated carbons and TMAH are unnecessary to produce good 
N H 3 adsorptive properties within the composites (i.e. samples synthesised using TMAH 
perform less well). Activated carbon composites (section 4.7.2) do perform well but at the 
synthesis stage these substrates tended to ‘crack and fizz’ when loaded with the precursor 
sodium metasilicate making them much more fragile to handle when in composite form. O f 
course, the carbonised substrates may have been ‘activated’ to some degree by the harsh basic 
synthesis solutions necessary for zeolite growth and so may be partially activated. Carbonised 
MAST™/NaX composite indicated a high degree of NH 3 irreversible adsorption (43%), as did 
the activated carbon/zeolite composites (6 8 %) in TPD. It is clear that optimum pre­
conditioning parameters have been identified for maximum NH 3 adsorption and TGA-MS- 
RGA may have helped further. LTA and H^ exchanged N H 3 adsorption data though not 
included in detail here can be found in Appendix 4 and in Table 4.5 below.
Table 4.5 Results, N H 3 adsorption on Composites, zeolites and carbon
Sample
Zeolite Type/composite
Trnaxm Adsorbed
(mmol/g)
E .
(kj/mol)
Ads. (mmol/g) 
(zeolite & %)
NaX (Si/AL = 1.23) lOh 393,420 18.6 61 18.6(100)
NaX (Si/Al = 1.23) 4h 331, 425,450 9.7 96 9.7(100)
NaX (Si/Al = 1.23) 2h 336-425  (x8) 5.1 79 5.1 (100)
Readsorbed NaX after. TPD 420 15.1 53 15.1 (100)
LTA (dried 6 h) (Si/Al = 1.0) No data 6 .6 No data 6 .6
HLTA dry (Si/A l = 1 ..0) 414,448,464,494 2.4 nairiimum 38 2.4 (100)
HLTA (Si/A l =  1..0) (2"d ads) No data 6 .8 No data 6 .8  (1 0 0 )
NH^+LTA(Si/Al= 1.0) No data 3.4 No data 3.4 (100)
MAST/NaX(TMAH) 360, 394, 420 1 .6 78 5.7 (28)
MAST/NaX(TMAH) (2«%ds) 368,402 1.9 50 6 .6  (28)
Activated MAST/NaX 348 2 .0 8 6 21.0 (9.6)
Activated MAST/NaX) 340 2 . 2 59 22.5 (9.6)
Carbonised MAST/NaX 351-480 3.7 62 16.8 (2 2 )
MAST H+ blank No data 3.3 No data (No zeolite)
MAST H+ LTA No data 3.3 No data No data
CMASTNH3 322K 0.3 80 (No zeolite)
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4.9.0 CONCLUSION
It is understandable that NH 3 adsorption is good, if one considers how well the pure zeolite 
itself (synthesised by the author) adsorbs ammonia, when the pre-conditioning parameters are 
optimised. Zeolites are difficult to compare, because templating agents, levels of template 
removal, differing Si/Al ratios, types of cation and cation/Al ratios all play a part in the acidity 
of the zeolite. Therefore their ability to adsorb ammonia and other basic molecules will vary. 
The most promising NaX zeolite was made by a simple method (Thomson’s recipe) and 
contained no TMAH or other templating agent. It is possible that this plays a major part in its 
adsorption properties'". The composite sample that performed the worst was the one 
synthesised with TMAH in the synthesis solution. MAST™/NaX (TMAH) composite 
adsorbed N H 3 ~40% as well as non-templated MAST^VNaX composite (i.e. 7mmol/g (E  ^
50kJ/mol, T^„ 368, 402K) compared to 16.8mmol/g (E^  62kJ/mol, T^^ 351, 480K) 
respectively. This could be due to increased fluid transport throughout the non-templated 
zeohte/carbon material due to a lack of pore blocking TMAH molecules or increased diffusion 
throughout the zeolite due to nano-sized zeolites crystals grown within the smaller carbon 
p o r e s . T M A H  in the precursor solution may prevent the solution reaching some of the 
smaller pores. This work supports the recommendation of Noack et al^ who stated that ‘no 
organics requiring high temperature removal should be used in the synthesis of zeolites LTA 
and FAU’. It was noticed, however, that use of TMAH can be useful in the adsorption of 
some other molecules. For instance the NaX synthesised with TMAH in the precursor 
solution, adsorbed the slightly acidic molecule HFC-134a better than the NaX synthesised 
without TMAH (see Chapter 5). Noack'^ is also an advocate of well conditioned zeolites and 
states they should be dried in vacuum or under a ‘dried’ inert gas stream at 733K for 12h+. 
Experts in the field of zeolite research know already the importance of pre-conditioning 
zeolites to remove water molecules before the zeolite properties can be fully utilized. 
However, this research suggests that humidity plays an even larger part in the adsorption 
kinetics than was previously considered, as optimum drying o f zeolites increases adsorbency 
immensely bu t over-drying (removal of the last 3%) is likely to cause the zeolite structure to 
coUapse.^”'^  ^NH3 also has an affinity with water through hydrogen bonding®'^* and the amount 
of water in LTA and NaX zeolites after drying in air at 373K is on average around 25 wt % 
(based on TGA data). Therefore the kinetics involved when N H 3, H ,0  and zeolites are 
combined is likely to be extremely complicated. Acidity is an important property in zeolite 
characterisation and it appears to be dramatically reduced when water is sorbed onto the
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zeolite. It is possible to ‘acidify’ a zeolite (i.e. ion exchange the Na"^  with to form H^LTA 
or by repeated washing with D.I. water. Therefore, in a very humid condition the Na^ 
may be in a semi-mobile state reducing Bronsted acidity. For instance, Na^ and HjO in the 
zeolites cavities may form and NaOH in rapid equilibrium. Thus giving, a general alkalinity 
to the larger zeolitic free water pores perhaps preventing the adsorption o f basic molecules 
such as NHj to some extent. The experimental work within this chapter highlights some 
interesting TPD N H 3 phenomenon connected to the water content of the zeolite and 
composite materials. As stated, total removal o f the water from a zeolite could lead to zeolite 
stmcture coUapse^”’^  ^ but removal of alm ost all the water within the zeolite structure gives 
adsorption performance almost four times greater than expected (5mmoles/g for a 2h outgas 
to 19mmol/g for a 1 0 h+ outgas at the same temperature on the same sample). This bodes 
well for zeolites in the pores of carbon as they can be electrically heated in situ to release the 
moisture from the zeolite held in the carbon pores. Moreover, such intense pre-conditioning 
(1 0 h+) was found to be less important when the zeolite was contained in the carbon pores and 
a composite of MAST^‘''VNaX (containing 22% Na]Q adsorbed 3.7mmol/g N H 3 so the NaX 
zeolite adsorbs 16.8mmol/g when supported on a carbon substrate after a 3h outgas 
compared to 18.6mmol/g unsupported NaX after a lOh outgas. Diffusion pathways in the 
composite materials should also be shorter as it is possible that nano-crystalline zeolites have 
formed in the smaller pores of the carbon^"' (see Chapter 3, for NMR and XRD of 
composite carbon burn off residue.)
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CHAPTER 5
ADSORPTION OF HFC-134a ON ZEOLITE/CARBON 
COMPOSITE MATERIALS
SUMMARY
In this Chapter carbon/zeolite composite materials were used as adsorbents in experimental 
studies monitoring the adsorption and subsequent temperature programmed desorption 
(TPD) of the greenhouse gas (GHG) HFC-134a (1,1,1,2 tetrafluroethane). HFC-134a has 
been used extensively to replace CFCs in refrigerant systems but has itself in recent studies 
been shown to have global warming potential (GWP-1300). It was hoped that zeoUte/carbon 
composite adsorbers o f HFC-134a could be of interest for environmental pollutant control of 
this refrigerant. Zeolite NaX had previously been synthesised in the macropores of a natural 
carbon (rattan) and a synthetic carbon (MAST^^ monolithic carbon) (see Chapter 3). The 
literature suggested that NaX zeolite and activated carbon were good adsorbers o f the 
haloalkane molecules such as HFC-134a; hence, a composite material made from the two 
materials was also expected to perform well. The experimental work performed suggested 
MAST™/NaX zeolite composite readily adsorbs HFC-134a and the MAST™carbon/NaX 
composite materials is also capable of undergoing numerous electrical regeneration cycles 
using the resistivity of the carbon substrate with no apparent loss of adsorption or composite 
deterioration. For the adsorption of HFC-134a the NaX zeolite synthesised using TMAH 
appeared to adsorb the molecule HFC-134a more extensively than the NaX zeolite synthesised 
without TMAH. Thus, NaX zeohte adsorbed 1195pmol/g (E  ^ 140kJ/mol; T^,^ 348K) 
whereas MAST™/NaX composite synthesised using the TMAH recipe was shown to adsorb 
1632pmol/g NaX (E  ^ lOOkJ/mol; T„^ 358IQ. This theory was supported by adsorption work 
carried out on the zeohte NaX (TMAH) formed in free solution (i.e. in the synthesis hquor 
external to the carbon pores). Results indicated 1767|imol of HFC-134a were adsorbed /g  
NaX (TMAH). Interestingly, NaX (TMAH) was found to be less efficient compared to the 
NaX (without TMAH) at adsorbing the basic molecule NHj (refer to Chapter 4). Curiously, 
zeohte NaX synthesised in the macropores/channels of the rattan carbon from the same 
TMAH recipe adsorbed HFC-134a only half as extensively, i.e. 518pmol/g zeohte (Ea
37kJ/mol; T^^^ 335IQ as the NaX in the pure state (i.e. without TMAH), probably due to the
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metallic elements (i.e. Ca, Al, Si, K, and Fe) inherent within the natural carbon (refer to 
Chapter 3); possibly, adsorbent acidity is a limiting factor for HFC-134a adsorption. The 
zeolite formed within the pores o f the rattan carbon has been shown to contain more than one 
zeolite phase and it is possible that a combination of LTA and NaX (amongst other zeolites) 
has more modest HFC-134a adsorption. LTA with a cavity size of only 4A would not be 
expected to adsorb the larger molecule HFC-134a (5.24Â) and there is also a possibility that 
fluid transport is slower in the rattan carbon as pore connectivity is somewhat reduced, except 
in the very large channel region (see Chapter 3). It should be remembered that the carbon 
materials used here are carbonised not activated, since the state of the zeolite within the carbon 
macropores were to be assessed.
5.0.0 INTRODUCTION
Zeolites and carbons are often used to adsorb air and liquid phase pollutants and toxic agents. 
HFC-134a is of interest due to its GWP (global warming potential). It is an inert, haloalkane 
refrigerant gas with thermodynamic properties similar to dichlorodifluoromethane (CFC), but 
without its ozone depleting potential. It was originally used as an environmentally sound 
replacement for CFCs and used primarily as a "high-temperature" refrigerant for domestic 
refrigeration and automobile air conditioners. It is also used for plastic foam blowing, as a 
cleaning solvent and as a propellant for the delivery of pharmaceuticals as well as in air driers, 
for removing the moisture from compressed air and as a propellant for airsoft airguns.
5.0.1 HFC-134a (l,l,l,2,tetrafluoroethane) and the Environment (see also 1.5.1)
HFC-134a is however, slowly converted to trifluoroethanoic acid through a radical reaction in 
the upper atmosphere leading to a detectable amount of several g /L  in acid rain^ and recent 
studies suggest that HFC-134a is a contributor to global warming*. EU directive - 
2006/40/EC said ‘emissions of hydrofluorocarbon-134a which have a global warming 
potential of 1300 (GWPjoo = 1300), from air conditioning systems in motor vehicles are of 
growing concern because of their impact on climate change.* In the EU, it will be banned as 
from 2011 in all new cars'* and a ban has been in place in Wisconsin since Oct 1994 under 
ATCP 136 prohibiting sales of container sizes holding less than 6 .8 kg of refrigerant.
5.0.2 Properties of HFC-134a (1,1,1,2 tetrafluoroethane)
The properties of HFC-123a (also known as R-134a, Suva 134a, Norflurane or 
tetrafluoroethane), molecular formula C2H2F4 (RMM 102.03), include:
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Size: 5.24Â
Appearance: Colourless gas 
Density: 0.00425g/cm", gas (at STP)
Melting point: 169.85 K  
Boiling point: 246.85K 
Solubility in water: 0.l5wt%
Main hazard: Asphyxiant, Flash point: Non-flammable.
GWP: 1300 
Weakly polar
Flames or heat in excess of 523K may cause vapour decomposition and the emission of toxic 
gases including hydrogen fluoride and carbonyl halides (e.g. although relatively non-toxic (LCjq 
in rats of 1.5kg/m^), its gaseous form is denser than air, so asphyxiation may result if inhaled. 
Aerosol cans containing HFC-134a become freeze sprays when inverted. The refrigerant 
properties mentioned mean that most adsorption, theoretical and experimental, data from 
work carried out on HFC-134a is normally found in environmental or refrigeration journals.
5.0.3 Background — HFC -134a adsorption
Work on the adsorbent properties of carbons and zeolites for HFC-134a has been ongoing 
since 1999 when Lin and Lin studied the gas phase adsorption characteristics of HFC-134a on 
two types of carbons. In 2001, Akkimaradi et al measured the adsorption isotherms o f HFC- 
134a on three types of activated carbons.^ Recently (2009) Loh et al.*° studied adsorption 
isotherms of HFC-134a on activated carbon by keeping at constant temperature and varying 
pressure*". Saha et al.^  (also 2009) measured heats of adsorption of HFC-134a on pitch black 
activated carbon at 278-343K and pressures up to 12 bar (MPa). Saha^’* had been (2006) 
researching HFC-134a in order to design a thermally-driven adsorption refrigerator to address 
environmental needs using adsorbate/adsorbent pairs in closed systems (i.e. FIFC-134a on 
activated carbon). Saha^ found the maximum uptake o f HFC-134a on activated carbon to be 
about 2.1g/g and compared his data with isotherms obtained by Loh et al.*" (2009) and 
Akkimaradi et al. (2001) as well as Marc Frere et al. (1994) on silica gel, (see Figure 5.0.1).
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Figure 5.0.1. Isotherms HFC-134a on carbons at 303K (□) = Saha ,^ (x) = Loli^”, and (A) =
Marc Frere (HFC-134a on silica gel)^
Saha  ^ used the Dubinin-Astakhov (D-A) equation (both with and without volume 
corrections) and compared predictions with experimental results (see Figure 5.0.2); the 
difference between the two was not large particularly above 313K.^
2.5
303K
0.5
0 102 6 12e
Pressure (bar)
Figure 5.0.2 -  Saha’s Adsorption isotherms for HFC-134a on Maxsorb III carbon. D-A 
equations with (---- ) and without (___) void volume corrections.^
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Isosteric heats of adsorption vary with concentrations at different temperatures as shown (in 
Figure 5.0.3) and Saha noted^ that the isosteric heat of adsorption decreased with increasing 
adsorbate (HFC-134a) uptake. He explained tliat FIFC-134a molecules adsorbed rapidly onto 
sites of high energy (penetrating into narrow pores), resulting in a stronger interaction between 
adsorbate and carbon and impl)ing a higher value of isosteric heat of adsorption at lower 
loading. Adsorption then progresses as molecules adsorb onto sites of decreasing energy, 
gradually moving to larger pores, in which the adsorption affinity is weaker and so there is a 
monotonie decrease in isosteric heat of adsorption as a function of adsorbate (HFC-134a) 
uptake. Thus observed heats of adsorption dropped from 33kJ to 19kJ/mol® (Figure 5.0.3).
293K
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Figure 5.0.3 — Variations of isosteric heat of adsorption with concentration at different
temperatures.^
5.1.0 H EA T OF ADSORPTIO N
Heats of adsorption derived from adsorption isotherms are referred to as isosteric heats of 
adsorption,'^' whereas those derived experimentally by calorimetry’' are called differential heats of 
adsorption.'" The isosteric heat of adsorption (AFI^ j^ in an adsorbate-adsorbent system is the 
partial differential change in ôQ (heat) that occurs with respect to 8m (mass), at constant 
pressure p, temperature T, pore surface or mass of adsorbent Ms, given byf
'Il iads -  (SQ/
The Clausius-Clapeyron (CC) equation is commonly used to estimate isosteric heat of 
adsorption at constant surface concentrations.'"
S.H.Jones 174 10/02/2010
AH.* = -R 8 (lnp)/ 8(1/1)
where denotes isosteric heats of sorption as J/m ol, R is the gas constant (J/mol IQ, p is 
equilibrium pressure (bar) and T  is the adsorbent temperature (K)'" Isosteric heats of 
adsorption are generally considered to be equivalent and opposite of the of desorption. 
However, the choice of isotherm has a significant influence on the calculated values for 
isosteric heats of adsorption^ but less effect on the kinetic parameter^ which has been 
shown to be consistent regardless of the isotherm used.^ In the experimental work here only 
the Ej of desorption is calculated.
Srivastava and Eames tabulated some differential heats of adsorption (see Table 5.1).'"
Table 5.1 Heats of adsorption for some adsorbent/adsorbate pairs'"
Adsorbent Adsorbate Heat of ads. (kj/kg) Remarks
Zeolite (various grades) H^O 3300-4200 Natural zeolites
NH 3 4000-6000 have lower values
CO2 800-1000 than synthetic.
Charcoal NH 3 2000-2700
H P 2300-2600
5.2.0 OTHER RESEARCH WORK O N  HFC-134a ADSORPTION
Within the refrigeration sector, there is no indication that companies are moving away from 
HFC-134a. Indeed, many other researchers are assessing HFC-134a for refrigeration systems. 
Banker et al.® (2008) studied the adsorption of HFC-134a on activated carbon® to illustrate 
efficacy of a hybrid compression process for refrigeration systems. Banker® states a significant 
benefit is that they can be used even when available thermal energy is at fairly low 
temperatures. He goes on to say that this aspect could be beneficial in process industries, 
where a large amount of waste heat is available, such as in thermal power plants. Banker stated 
that the reduction of greenhouse gas emissions is a major criterion.® Research to identify the 
minimum desorption temperature that might be required to operate a thermally driven 
adsorption bed of a solid sorption refrigeration system continues. Adsorbate/adsorbent pairs 
such as silica gel/water, activated carbon fiber/ethanol and activated carbon/HFC-134a pairs 
suggest^ waste heat as low as 333K can be used to operate these systems. According to the 
researcher the systems would be good energy conservation devices through recovery o f low
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grade process waste heat. N H 3 has also been investigated with activated carbon as an 
adsorbate/adsorbent pair for such a system due to its low boiling point/ The principle 
advantage of tlais kind of system is that it can be operated witli a heat source below 373K, 
often available in process industries.^ In Table 5.2  ^adsorption data are considered.
Table 5.2: Adsorption characteristics for HFC-134a onto activated carbon.^
Activated C (Maxsorb II) and HFC-134a
Pcff(k§/m^ 280
Psolid(%/m^ 2200
Pb 16.392
Pd (of Tjcs at 343K 30.577
Cb (kg/kg) 1.716
(kg/kg) for Tjgg at 343K 1.428
Pg (forT^ = T273iq,kPa 374.63
Psad = Pcon(7con=T,j= 303K) 770.2
s^de* (forTjgg=343iq,kPa 2116.8
Saha plotted tlie uptake for activated carbon fibre and HFC-134a (Figure 5.0.4).’ The 
evaporation temperature was taken as 280K and the adsorption temperamre 303K’.
Q. 0 3
GO 70 80
Desorption Tempo rature ( X )
Figure 5.0.4 Uptake efficiency for HFC-134a on activated C fibre (ACF)
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Saha concluded by stating: ‘A method of arriving at the minimum desorption temperature has 
been described. Carbon desorbs HFC-134a below 328K and the uptake efficiency provides a 
useful tool for evaluating the thermal compressors. This method can be used to determine the 
lowest temperature at which refrigeration can be achieved for a given temperature of waste 
heat source'.’
Solmus et al (2009)^  ^ experimentally determined the equilibrium adsorption capacity of water 
on a natural zeolite at different zeolite temperatures and Ph20 nse in an adsorption cooling 
system and this also deserves a mention due to the hydrophilidty of zeolite LTA and NaX and 
problems associated with the adsorption properties of zeolites in humid atmospheres^” (see 
Chapter 4). The researchers used^” the Dubinin-Astakhov adsorption equibrium model to fit 
to experimental data. They obtained separate correlations for the adsorption and desorption 
along with a single correlation to model both processes. Isoteric heats of adsorption o f water 
on zeolite were calculated using the Clausius-Clapeyron equation as a function of adsorption 
capacity and cyclic swing for different condenser, evaporator and adsorbent temperatures 
compared with activated carbon/methanol, silica gel/water and zeolite 13X/water. Results 
suggest the maximum adsorption capacity of natural zeolite is 0.12kg^/kg,j^ (for zeolite 
temperature 313-423K and water vapour pressure 0.87-7.38kPa).^”
The researcher noticed that adsorption-desorption hysteresis effects were observed and so 
concluded that separate adsorption and desorption D-A equations were not as a result 
accurate. Hence, data should be presented by a single adsorption/desorption D-A equation.^”
The researcher also noted that, as expected, the mass of adsorbed water increased with Ph 20
and decreased with zeolite temperature.^”
Loh et al investigated^^ the relationship between equilibrium pressure, adsorbent temperature 
and equilibrium adsorption uptake on adsorbents/refrigerant pairs by carrying out parametric 
analyses at various desorption and evaporation temperatures.^^ The specific heat capacity of 
activated carbon (930J/kg) and simulation data for three carbon HFC-134a pairs are tabulated 
overleaf (Table 5.3).’^
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Table 5.3 HFC-134a /adsorbent pairs simulation data^
Remarks Chemviron Fluka Maxsorb
Single stage cycle 
temperature (K)
T. 453 453 453
Tb 326 326 326
T. 303 303 303
Ta 328 328 328
Uptake (kg/kg)
0.31 0.36 1.39
0.34 0.45 1.75
AW 0.03 0.09 0.36
Single effect double-Hft 
Cycle. 1st Cycle 
Temperature (K)
T. 336 340 340
Tb 323 326 326
Te 303 303 303
Ta 315 315 315
Uptake (kg/kg)
0.31 0.36 1.39
w _ 0.34 0.45 1.75
AW 0.03 0.09 0.36
2"'^  Cycle Temperature (K)
T. 336 340 340
Tb 323 326 326
Te 303 303 303
Ta 315 315 315
Uptake (kg/kg)
0.33 0.40 1.58
0.36 0.49 1.94
AW 0.03 0.09 0.36
Maxsorb II/HFC-134a had an uptake capacity of 0.36kg/kg
Wang et al^ “ stated the reason for the current interest in adsorbent/adsorbate pairs (including 
carbon/zeolite adsorbents and water/ammonia/HFC-134a adsorbates) is due to solid sorption 
refrigeration being an environmentally benign and energy saving technology. Wang assessed a 
range o f sorbents, utilized and divided them into physical, chemical and composite sorbents 
and explained the difference as/^
i). Physical adsorption caused by van der Waals forces between adsorbent/adsorbate 
molecules and stated physical adsorbents with mesopores can adsorb consecutive
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layers of adsorbate while those with micropores have the volume of the pores filled 
with the adsorbate/^
Ü). Chemical adsorption - caused by reaction between adsorbate and surface molecules 
of adsorbents, involving electron transfers, atom rearrangements, and 
fracture/formation o f chemical bonds produces only a monolayer coverage. Often the 
adsorbate molecules are irreversibly changed as a result.^^
Wang described^^ how composite adsorbents started to be studied about 20 years ago; 
however, composite refers to chemical adsorbents on a physical substrate, like those 
commonly used as physical adsorbents for refrigeration systems (such as carbon, silica gel and 
zeolite). Theses were used to improve the heat and mass transfer performance o f the chemical 
adsorbents'^. Wang explained that the adsorption process o f composite materials was not only 
influenced by the heat and mass transfer process inside the porous media (the chemical 
reaction between chemical adsorbent and adsorbate), but also influenced by the physical 
adsorption process of activated carbon and zeolite, which makes the kinetic analysis much 
more complex.'^
It should be added that the composites designed here are different and novel. The kinetics of 
adsorption-desorption in composite materials are more complicated than a single substance, 
due to weak, medium or strong adsorption taking place simultaneously, and adsorbates being 
readsorbed by one component material as it is released by the other.
Due to the large adsorption heat and high desorption temperature performance of 
zeolite/water pairs, Wang found that adsorption and desorption zeolite pair heats were about 
523Kand 573K'"
5.3.0 ZEOLITES (see also 1.2.0 and 2.2.0)
LTA and X  and Y zeolites have sodaUte cage structures and therefore up to 24 water 
molecules can be adsorbed in the centre cages/pores of the unit crystal and in the cage/pore 
of the eight sodalite zeolite crystals.'” The skeleton structure of synthetic X and Y zeolite is 
larger than the volume of other types of zeolite. Electrical conductivity has been shown in 
NaX zeolite.'^ Therefore the water is thought to be mobile/ fluid in these zeolites'^. One 
crystal unit cell can have 235 molecules of water after adsorption and most of the water would 
accumulate in the large central cavity, so water fluidity is feasible due to the small size o f the
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H^O (2.65A) molecule and large size of the central cavity (13.3Â). The adsorption heat for a 
zeolite/water (from Wang''' refrigeration data) is about 3300-4200kJ/kg. Therefore they can 
also be used in dehumidification cooling systems and adsorption refrigeration systems/'' 
Cooling below 273K would be problematic in such systems due to ice formation.
In previous studies zeolite NaX has been shown to readily adsorb HFC-134a.T herefore NaX 
zeolite was synthesised in the macropores of unmodified carbons in order to assess the effect 
of the carbon support on the adsorption properties of the zeolite (see Chapter 3)
5.3.1 Synthesis o f carbon/zeolite composites
As described in Chapter 3 zeolite NaX has been prepared here in the pores of Rattan and 
MAST™carbon monolith. A summary of data on the composite materials and their synthesis 
is provided here (i.e. chemical composition, Si/Al ratio and specific surface area). Information 
on SEM, XRD and NMR can be found in Chapter 3.
5.3.2 Supports
Carbon chemistry has been described in sections 1.0.2 and 2.1.0. Two carbon hosts with 
macro-channels/pores were used without prior chemical modification: (i) rattan carbon 
(diameter 3cm x 1cm; total surface area O.OSm^g ') and (ii) MAST™carbon synthetic monolith 
(diameter 3cm x 1cm; 39 cells per cm ;^ total surface area 534.92m^g ').
5.3.3 Chemical composition of NaX zeolite synthesised
Table 5.4 gives the EDX-derived elemental composition o f the NaX crystals produced in the 
free solution and the two carbons. The AkSi atomic ratios are as expected of NaX zeolite {i.e. 
there should be a 1:1.23 AkSi ratio). Rattan carbon naturally also contains Si, Al, K, Fe, Ca, P, 
S and a trace o f Mg so some variation due to the chemistry of the natural sample is to be 
expected.
Table 5.4 Atom % composition of NaX crystals formed in different environments
Element Mast pores Rattan pores Mast film Rattan film
Al/Si expected 1.23 1.23 1.23 1.23
Al/Si observed 1.22 1.29 1.22 1.21
To verify that the zeolite grown as a film on the MAST™carbon and rattan channels was 
actually NaX unit cell parameters were calculated using the Unitcell ICSD calculated pattern
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software for zeolite X dehydrated: Sodium Aluminium Silicate of cubic unit cell size 25.0770Â 
(reference code 01-089-8235).
Table 5.5 Unitcell ICSD calculated pattern (+0.0001Â)
Sample name Cell size A Std. dev. 95% conf
Recipe 1 NaX 2nd batch 
Mast NaX Recipe 1 2nd batch 
RattanNaX Recipe 1 2nd batch 
Rattan NaX with TMAH 
Mast NaX with TMAH
24.9785
25.0124
24.9586
24.9417
24.9338
0.00187
0.00188
0.00187
0.00187
0.00187
0.00432
0.00434
0.00432
0.00431
0.00431
5.3.4 N ; adsorption BET of zeolite synthesised and composite samples
Total surface areas (Sgg^ ) for the carbon hosts and composites calculated from the isotherms 
were: MAST^'carbon (535mVg), NaX/MAST''^'(TMAH) (523mVg), NaX/MAST™ 
(507mVg), Rattan (6mVg), NaX/rattan (TMAH) (71mVg), and NaX/rattan (135m 2/g) .
5.4.0 OBJECTIVE
The objective of this part of the study was to compare the adsorption properties of the 
composite materials in order to assess for suitability in control of the haloalkane refrigerant 
pollutant/GHG hydrofluorocarbon-134a (HFC-134a).
5.5.0 ADSORPTION METHODS AND MATERIALS
HFC-134a (3% in Argon (purity grade B)) was supplied by BOC Special Gases. 99.99% HFC- 
134a (Innoxa) was also used.
5.5.1 Adsorption and TPD, RGA-MS (residual gas analysis -  mass spectroscopy)
Dynamic MS-RGA, (residual gas analysis — mass spectroscopy) was used to assess the 
composite materials capacity to adsorb/desorb the pollutants in real time by performing pulse 
injections/TPD scans while monitoring the gases evolved. Adsorption experiments were 
carried out in pulse/injection mode at 295K and provided information about the maximum 
adsorption capacity o f the material. Desorption (TPD) o f the previously adsorbed HFC-134a 
molecules provides information on values of E  ^ and T  that were relevant to regeneration
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parameters. By comparing/correlating the adsorption and desorption data the level of 
reversibility and irreversibility were discerned.
5.5.2. Run parameters:
MS-RGA pressure = 2.5x10 '' Torr (i.e. about 3.3x10 ’ atm)
Ng inert carrier gas. Flow rate = 22cm^/min (100% on MFC)
Temperature of adsorbent bed = 295 ± IK
5.5.3 Experimental
The method was very similar to that used in section 4.6.8 for NH 3. The inert carrier gas (N^) 
flowed through the rig system at a constant rate until it achieved equilibrium (straight baseline). 
The sample was preconditioned (heated) to 488K to remove water and other volatiles and then 
cooled to room temperature (295 ± IK) before the run was started. A number o f 5cm^ 
pulses/injections were made on sample bypass. The inert carrier gas was then redirected 
through the reactor containing the sample to desorb/remove any air or other weakly held 
gaseous molecules from the sample and/or reactor chamber before pulse injections o f the 
adsorbate gases were made. The pulse/injections were continued until maximum adsorption 
was reached, witnessed by breakthrough of the particular gas being monitored. A few more 
injections were performed after breakthrough to ensure that the sample was completely 
saturated by the adsorbate and then the sample was left in the inert gas stream to desorb any 
weakly adsorbed HFC-134a molecules before TPD was performed at 5K/min to 473K on the 
sample. Finally the carrier gas was switched from the sample reactor back to bypass mode and 
a final set o f 5cm^ pulses performed to assess baseline drift.
The Intelligent Gravimetric Analysis work (IGA) (see section 5.8.2) was performed on an 
IGA-001 Hiden Analytical system using HFC-134a (purity 99.99%). IGA uses the gravimetric 
technique to measure gas and vapour sorption on materials by measurement o f weight change, 
pressure, temperature and gas flow.
5.5.4 Rig (described already in 1.9.4 and 4.6.1)
Analysis was carried out using an ESS VG Quadmpole Sensorlab residual gas analyser (RGA) 
(see 4.6.9). Operation depends on the conversion of gas molecules into charged particles 
(typically positive ions/fragments). This was achieved by electron impact ionisation via
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thermionic emission from a hot (Thoria - 1900K) filament (typical current = 1x10"  ^Amps)/'' 
The instrument operated with a quadrupole detector which involves the application of 
alternating electric fields across four poles to allow the separation of ions to their respective 
m /e  ratios/'’
5.5.5 RGA-MS experimental parameters.
Nj carrier gas (RMM = 28) had a fragmentation pattern m /e  28 (100%), m /e  14 (5%) and 
m /e  29 (1%)/“* The HFC-134a (3%) was supplied in Ar (RMM. — 40) and had a 
fragmentation pattern m /e  40 (100%), m /e  20 (16%) and m /e  36 (0.3%). HFC-134a (RMM 
= 102.03) has many fragmentation peaks: 102, 101, 83, 69, 50, 33, 32 and 31, being the most 
abundant. The chance of a F^ fragmentation to produce the m /e  83 is high (as there are four 
fluorine’s), as is the chance of a 69 and 33 fragment from CF^^ and CFHg^. The m /e  19 is not 
encountered easily, despite the high intensity o f the m /e  83 as it has a tendency to quickly 
recombine with H ’*’ to form HF. HF is m /e  20 so cannot be assessed due to the m /e  20 
doubly charged Ar“”^ ion, having the same weight to charge ratio. The author choose m /e  69 
to detect HFC-134a, as it is not so large as to cause a long cycle scan but too large to come 
from any other source. The RGA provided a fast real time adsorption/desorption m /e  
fingerprint o f the sample activity detected. The stainless steel rig was set-up in pulse mode 
with a 5cm^ pulse loop and the programme multiple ion monitoring selected (MIM mode) 
from the MS-RGA menu. In MIM mode, the quantity of gas produced from a reaction could 
be assessed. Blank (reactor and silica wool only) runs were performed before use along with 
HFC-134a gas calibrations to check that instrument and experimental set-up gave reproducible 
results.
5.5.6 Rig construction (see also Figure 1.6 and section 4.6.1)
Apart from the PTFE carrier gas tubing the system was constructed out of stainless steel (so 
undesired reactions between gas and materials were eliminated). The flow was as follows, 
cylinder > Regulator > Tubing > Mass How Controller (MFC) > Y shaped Stainless steel rig 
> pulse/injection port > Two way switch selecting the bypass or reactor > in the reactor - 
sample set on silica wool > exit flow reached a capillary inlet exited the rig and entered the 
RGA-MS. The rig was constructed so the internal plumbing volume was ~ equal on the 
bypass side of the rig and the sample side. Silica wool was used in greater quantity in the 
bypass side of the rig (to give an approximate packing density equal to the sample). Flow rate 
was controlled with a mass flow controller (Bronkhorst) (inlet ISOkPa and outlet 20kPa). The 
MFC flow rate was 100%, therefore 22cm^/min Ng.
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Correction for the internal cell void and pipeline void was considered unnecessary as the rig 
was built to have the same void volume in bypass mode as through the sample bed and the 
adsorption of HFC-134a is calculated as a comparison of the calibration pulses. The rig is 
shown schematically in Chapter 1, Figure 1.6.
5.5.7 Experimental problems
HFC-134a was adsorbed onto the sample after introduction from a loop which was not easy to 
exchange for different sizes without introducing air or pressure into the system. Therefore, 
(although numerous calibrations of HFC-134a were performed to check linearity before the 
runs were commenced), a range of calibrations could not be performed before and after each 
adsorption mn as in the case of NH 3 in Chapter 4. The sample loops were injected in the 
bypass mode at the beginning and end of each run (i.e. 2 x 5cm^) so that the area could be 
assessed for comparison. A small amount of moisture present as an impurity within the 
carrier and the HFC-134a (even at 99.99% purity) could not be ruled out completely, but 
incorporating filters to dry out or purify the gases would defeat the object of developing 
materials robust enough for real world applications such as pollution control and gas masks 
materials etc.
5.5.8 Adsorption and TPD of HFC-134a
HFC-134a adsorption has been assessed using RGA (see section 5.5.5). The HFC-134a was 
flowed in a steady rate carrier using a Mass Flow Controller (MFC) and the volume was 
controlled by a 5cm^ loop. Initial results suggested that at high humidity the adsorption 
capacity of zeolite NaX is dramatically reduced (refer to N H 3 data Chapter 4). Therefore the 
composite material samples were heated (to 573K) in-situ to remove water at the start o f the 
HFC-134a adsorption runs. At the end of the run the material samples were heated to desorb 
the previously adsorbed HFC-134a (HFC-134a was released below 358K) and the activation 
energies (EJ were calculated from reciprocal temperature versus the natural logarithm of the 
desorption concentration (1/T(BQ) versus (In cone)) when the concentration was 5-10% of the 
maximum as a pseudo-Arrhenius plot. After TPD the material was cooled to below 298K and 
the composites were shown to re-adsorb HFC-134a.
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5.6.0 RESULTS
5.6.1. Calibration loops
Icm^, 2crn and 5cm^ calibration loops were carried out to assess experimental precision.
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Figure 5.0.5 HFC-134a calibration injection (3x1 cm^), mean 0.0542mg (S.D. 0.0016, 3%)
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Figure 5.0.6 HFC-134a calibration injection (3x2cm^), mean 0.0945mg (S.D. 0.0035, 4%)
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Figure 5.0.7 HFC-134a calibration injection (2x5cm'), mean 0.2965mg (S.D. 0.0055, 2%)
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To assess accuracy HFC -134a calibrations in the range 0.05cm^ — 5cm’ have been plotted on a 
graph (Figure 5.0.8) and show reasonable correlation (R“ = 0.9933).
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y = 0.0589X - 0.0051 
= 0.9933
0.3
0.25
0.2
0.15
0.1
0.05
Volume (cm^ )
Figure 5.0.8 Data for Calibration of HFC-134a (l-5cm’)
5.6.2 Adsorption of HFC-134a onto NaX zeolite
0.0225g of NaX zeolite was heated to 488K overnight to precondition it. At the start of the 
run after carrier gas equilibrium 2 x 5cm’ pulses (a) were applied, on the by-pass side of the rig 
then carrier gas passed through the sample and allowed to equilibrate before the 5cm’ pulses 
of FIFC-134a were applied to the sample. Two more 5cm" loops were pulsed at the end of the 
mn (p).
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Figure 5.0.9 MS-RGA profile of 11 (5cm") pulses of HFC-134a (the middle 7 over NaX)
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Saturation was not easy to see on the MS-RGA profile above, but can be measured by peak 
area. O f the 7 x 5cm’ pulses performed. As a quick visual assessment, we can assume that 
approximately half of the HFC-134a pulsed was adsorbed then 35cm’/2  = 17.5cm’ but only 
3% of the 5cm" pulsed is HFC-134a, therefore 0.525cm’ HFC-134a was considered adsorbed 
onto 0.0225g of NaX.. Ig of NaX would then adsorb 23.33cm’. The moles of an ideal gas 
adsorbed by a sample (at STP) can usually be calculated as; n (no. of moles) = V (volume in 
Litres) /  (molar volume) where = R T/p and R = 0.0820578, T  = Temperature (295K) 
and p = 1 atm.
V,, = R T/p = (0.0820578 x 295)/l = 24.21 (as used in Chapter 4)
23.33cm’ HFC-134a were judged to be adsorbed. This volume in Litres would therefore be 
0.02333 so V/V„, = 0.02333/24.21 = 0.000964moles (0.964mmoles/g or 964pmoles/g).
Desorption of HFC-134a was followed in terms of the peak area and [HFC-134a] (rate of 
desorption). By taking the mean value of the four 5cm’ calibration peaks and multiplying by 7 
a value for the seven (5cm’) HFC-135a pulses injected across the NaX sample can be obtained. 
The total amount of HFC-134a desorbed (as breakthrough peaks and TPD) was calculated 
and found to be 99.5% of that injected (62% of which was found in the TPD heat ramp peak). 
This 62% (of the HFC-134a injected) had therefore been adsorbed and TPD released. 62% of 
the total (35cm’) injected is 21.7cm". To find volume adsorbed per gram NaX, 
21.7cm’/0.0225 (g of sample used) = (964.44cm’/ 100) x 3 (for 3%) = 28.93cm’ (0.02893L). 
Therefore = 0.02893L/24.21 (\^/V,J = 0.001195Imoles (1.1951mmol/g or 1195pmol/^. 
Hence reversible adsorption was found for adsorbate HFC-134a on the adsorbent material 
NaX. The remaining 0.5% is likely to be calculation/run error rather than irreversible 
adsorption.
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TPD  of H F C -134a from NaX zeolite
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Figure 5.10 TPD of HFC-134a on NaX sample, T^ ,^. = 348K (5K/min to 423K)
is calculated from a pseudo-Arrhenius plot taken from 5-10% of the maximum rate of 
from the TPD of HFC-134a from NaX. Graph of 1/T(K) versus In (cone) is presented below 
(Figure 5.11).
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R2 = 0.9972
1/T (K)
Figure 5.11 Pseudo-Arrhenius plot for HFC-134a TPD from NaX
Gradient = - E^/R and so = -m x R (gas constant 8.31451). So E  ^ = —16786*8.31451 = 
139567.4 J/m ol or 140k]/mol
5.6.3 Adsorption of HFC-134a onto MAST™ carbon blank
0.1200g of MAST^^ carbon was heated under Nj to 423K for 0.5 hour. Desoq^tion of 
volatiles was dynamically monitored and the run started when the level of water released as a
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volatile from the sample fell to a level lower than that of O;, from air entering the system as a 
contaminant. This level was deemed as sufficient sample pre-conditioning hence the short 
pre-conditioning time. At the start of the mn, after carrier gas equilibrium, 3 x 5cm^ loop 
pulses were applied on the by-pass side of the rig. Then the carrier gas passed through the 
sample and again allowed to reach equilibrium before the 3 x 5cm^ pulses of HFC-134a were 
applied to the sample. The scan shows there was a small amount of HFC-134a adsorption 
onto the carbonised MAST.™' 3 x 5cm^ pulses were once again applied in by-pass mode 
before ending the run. The dynamic MS-RGA scan of HFC-134a on MAST '^^  ^ carbon is 
provided (Figure 5.12).
1.20E-09
1 .OOE-09 MAST
8.00E-10
6.00E-10
4.00E-10
2.00E-10
O.OOE+00
40 60 70
t (min)
Figure 5.12 MS-RGA for 9 (5cm^) pulses (3 over MAST) of HFC-134a at 295K (m /e 69)
Peak area were calculated as weights and suggested that 5% of the IScm^ HFC-134a injected 
was adsorbed at 295K. Which is equivalent to 0.75cm^ 0.12g of sample was used in this run. 
Therefore 0.75cmV0.1200 (g of sample used) = (6.25cm^/100)*3 (for 3%) = 0.1875cm" 
(0.0001875L). Hence, 0.0001875L/24.21 (V /V J = 0.000007744moles/g (0.0077mmol/g or 
7.7pmol/g) carbonised IMAST'^  ^blank). Desorption was then followed at 5K/min to 473K. 
The total extent of desorption as TPD peak area (Figure 5.13) was estimated to be 7.7pmol/g 
ofHFC-134a.
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Figure 5.13 TPD of IIFC-134a from carbonised M A S f  = 330 and 350K
Pseudo-Arrhenius analysis of data was undertaken at 5-10% of the maximum rate of 
desorption and results are presented in Figure 5.14. This suggested of 145kJ/mol.
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Figure 5.1.4 Pseudo-Arrhenius analysis of TPD for HFC-134a from carbonised MAST™
5.6.4 Adsorption and desorption of HFC-134a on MAST™ /NaX
0.2035g of carbonised MAST' '^^VNaX composite was heated under N , to 423K to 
precondition (remove water). At the start of the run, after equilibrating in a carrier gas. Then 3 
X 5cm^ pulses of HFC-134a were injected in sample by-pass mode (as a 
calibration/comparison). The carrier gas was then passed through the sample and allowed to 
equilibrate before 30 (5cm^) pulses of HFC-134a were applied to the sample. This was ended 
before the sample was completely saturated (due to the limiting size of the datafile), therefore 
the composite sample had not reached maximum uptake of FIFC-134a. 3 (5cm^) pulses were 
applied in by-pass mode before ending the run. The whole MS-RGA profile of PIFC-134a 
over the carbonised MAST*'^VNaX(T]VIAH) composite is given in Figure 5.15.
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Figure 5.1.5 MS-RGA analysis of pre-calibration, 30 (5cm^) pulses on M/\ST/NaX(TMAH)
and post-caübration at 295K (m/e 69)
Again, breakthrough peak area/weight calculations were performed on the above sample. 
I hey suggest 50.1% of the 30 x 5cm" (HFC-134a) injected was adsorbed. Therefore 50% of 
150cm’ is 75cm’ /0.2035 (g of sample used) = (368.55cm’/100)*3 (for 3%) = 11.06cm’. So 
0.0110565L/24.21 (V/V^J = 0.000456691moles/g (0.45669mmol/g or 456.7|amol/g) of 
carbonised MAST™/NaX composite. This sample contains 28% NaX zeolite and so if only 
the NaX adsorbs the HFC-134a then 1632pmol of HFC-134a are adsorbed per gram NaX. 
This assumption is reasonable since the carbon alone only adsorbed 8pmol/g (see page 191), 
although adsorption was not complete. Desorption was then followed at 5K/min to 473K.
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Figure 5.16 TPD of HFC-134a from carbonised MAST'’'/NaX. At 5K/min to 473K.
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Pseudo-Arrhenius analysis of the data in Figure 5.16 was again undertaken at 5-10% of the 
from the TPD of HFC-134a from MAST^'^VNaX(TMAH) (Figure 5.17). Tliis suggests 
that the for desorption is lOOkJ/mol.
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Figure 5.17 Pseudo-Arrhenius analysis of TPD for HFC-134a from MAST/NaX(TMAH). 
5.6.5 Adsorption of HFC-134a onto rattan carbon blank
HFC-134a adsorption (using 0.1083g) of rattan carbon was undertaken exactly as for the 
MAST '^^^carbon (see section 5.6.3). Figure 5.18 gives the MS-RGA profile for pre-calibration, 
adsorption and post-calibration. There was no noticeable adsorption of FIFC-134a on the 
rattan carbon; therefore no TPD was attempted.
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Figure 5.18 MS-RGA profile of HFC-134a on rattan carbon (m/e 69) at 295K 
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5.6.6 Adsorption and desorption of HFC-D4a onto rattan carbon/NaX
The HFC-134a adsorption-desorption on 0.2530g of rattan carbon was undertaken as for 
jMAST™carbon/NaX (see section 5.6.4). The only difference (see Figure 5.19) was that 7 
(5cm3) pulses of FIFC-134a were used to test the extent of adsorption.
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Figure 5.19 MS-RGA profile of HFC-134a on rattan/NaX(TMAH) (m/e 69) at 295K.
O f the 7 (5cm^) pulses performed, 2 were completely adsorbed and so are not visible at all in 
the scan. O f the 5 pulses visible only the F ‘ (at 152min) indicates some adsorption (~50%), 
the other 4 pulses are not adsorbed. This is not easy to see on the profile due to the shape of 
the peaks, but they are (by wt in mg) the same peak area as the 5cm^ by-pass pulses. Therefore 
~ 2.5 pulses are adsorbed from the 7 injected. Therefore 2.5 x 5cm^ = 12.5cm^ but as only 3% 
of the 5cm^ pulsed is FIFC-134a, then 0.375cm" HFC-134a was considered adsorbed onto 
0.2530g of NaX. Ig of rattan/NaX[HvIAH) therefore adsorbs 1.48cm.^ As before, n (no. of 
moles) = V (volume in Litres) /  (molar volume), where; = RT/p and R = 0.0820578, T 
= Temperature (295K) and p = 1 atm. 1.48cm" adsorbed would be 0.00148221 /24.21 so 
V/V,„ = 0.00006122moles (0.061mmoles/g or 61.22pmoles/g). This equates to 36% of the 
HFC-134a injected.
To verify this level of adsorption the TPD of HFC-134a from rattan/NaX(T’MAl I) peak area 
(in mg) confirmed that 33% of the HFC-134a injected had been adsorbed (see Figure 5.20). 
33% of 35cm^ is 11.55cm^ /0.253 (g of sample used) = (45.65cmVlOO)*3 (for 3%) = 1.37cm\ 
Therefore^ 0.00137L/24.21 (V /V ^ = 0.000057moles (0.057mmol/g or 56.6pmol/g 
rattan/NaX). Flowever at 11% zeolite loading that is 515pmol/g NaX.
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The error margin in tliis run was 3%. It is possible that this 3% is not due to errors but 
irreversible adsorption of HFC-134a on the rattan/NaX, but it is more likely to be an error 
margin due to tlie lack of a comprehensive calibration graph witla gradient.
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Figure 5.20 TPD of HFC-134a from rattan/NaX. (5K/min to 473K), T^,^= 335K
Pseudo-Arrhenius analysis of the data in Figure 5.22 at 5-10% of the maximum rate of 
adsorption gave the data in Figure 5.21 and suggested an of 37kJ/mol for Rattan/NaX.
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Figure 5.21 Pseudo-Arrhenius analysis of TPD data for HFC-134a from 
rattan/NaX(TMAFI). In (conc. HFC-134a) versus 1/T(K), = 37k]/mol.
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5.7.0 RESULTS OF HFC-134a ADSORPTION (in pmoles).
TABLE 5.6 Comparison of total surface area TGA residue/zeolite loading and
adsorption of R134a data
Sample
B^ET
mVg
TGA-Residue 
%NaX
E.
(k]/mol)
Tmax
(K)
Ads.
(pmol/g)
NaX
(pmol/g)
Uptake
%
MAST™carbon 535 0.5% residue 145 348K 8 0 5%
Rattan 6 3.6% residue 0 0 0 0 0
NaX 846 24% water content 140 348K 1195 1195 62%
MAST^YNaX(TMAH) 523 NaX load — 28% 100 358K 457 1632 50%
Rattan/NaX(TMAH) 71 NaX load-1 1 % 37 335K 57 515 33%
(Note: MAST/NaXwas not taken to saturation point)
Results of HFC-134a adsorption experiments performed on MAST^^ and M AST^'/NaX 
composite (carried out by other researchers) are provided (in the following section 5.8.0).
5.8.0 ADSORPTION SCALE UP TESTS /  REGENERATION ASSESSMENT.
Adsorption and monolith regeneration experiments were performed here on the MAST™/ 
NaX composite material synthesised. This work was carried out on a monolith >30cm long.
5.8.1. Industrial experimental
The monolith was housed in a glass tube with electrodes applied to each end. A FID (Flame 
Ionization Detector) is used to detect a steady flow of the gaseous HFC-134a in air as the 
carrier gas stream, as a function of adsorption breakthrough from the monolith. An electrical 
current was applied to the monolith when the HFC-134a detector indicated monolith 
saturation, in order to heat the monolith to desorb the previously adsorbed HFC-134a using 
the resistivity of the carbon. This regeneration/readsorption was carried out more than six 
times (at 298K) and four times (at 313K) without any apparent deterioration of the monoliths 
adsorption properties. The composite material used here was a partially activated 
MAST™carbon monolith/NaX zeolite (without TMAH) synthesised. A blank fully activated 
MAST^^ NOVACARB^' monolith was also used. It was o f approximately equal dimensions 
(i.e. size was equal but density of the activated carbon was lower, hence wt in g was lower). 
Experiments were performed at 313K and 298K on the MAST™ monolith/NaX (without 
TMAH) and at 313K on the activated MAST™ monolith blank. There was, unfortunately no 
way to compare the NaX zeolite in such an experiment. This was because:
i). The monolith needs to be completely intact in order to generate current and heat 
throughout its length and zeolite crystals are by their very nature discreet particles.
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ii). The fluid flow rates are very high in tliis rig (up to 10,000ctn'Vmin) and the high 
pressure drop for such small packed particles would be extreme to the point of 
dangerous. (The autlior has had a few zeolite powder ‘explosions’ in the laboratory 
when trying to pass carrier gases through pelleted zeolites even at pressures as low as 
ISOkPa).
iii). Tlie zeolites are likely to become conductors when very humid (due to the zeolitic- 
free water) and insulators when dry; hence electrical heating is not a likely option for 
pure zeolite materials (even if the pressure drop could be addressed).
Measurements were performed at the MAST '^^’carbon laboratory on a range of HFC-134a 
concentrations (0.3%, 15, 3% and 5%) by adjusting the carrier gas flow rate. The results are 
provided (in Figures 5.22 to 5.28) (complete data is provided in Appendix 5).
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Figure 5.22 FID calibration in the range 0.05vol% to 0.42vol%
Figure 5.22 shows calibration of the FID detector with FIFC-134a. The raw experimental data 
(for the 3% volume adsorption experiment) is presented in Figure 5.23. It was obtained over 
8h at 298K. The pink scan line is the FID detected [HFC-134a] breakthrough signal; and each 
new regeneration was started after tlie temperature had returned to 25"C. Tlie other peaks are 
the thermocouple temperature peaks at inlet (T feed) and at the top, middle and bottom of the 
monolith (they are shown more clearly in Figure 5.24). Figure 5.23 is presented purely to 
illustrate the regeneration properties of the composite and by following the pink profile line [of 
HFC-134] it is clear there are 6 adsorjition/desorption cycles. Half of a 7'’’ and last peak is 
wimessed before the experiment was terminated. As the last peak (abmptly ending) indicates
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the switch off point, more regenerations are possible and the maximum regeneration capability 
of the composite has not yet been reached.
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Figure 5.23 Six adsorption electrical regeneration cycles for MAST™/NaX, adsorption 
performed at 298K, (3% HFC-134a in 6000cm^/min air flow).
In Figure 5.23 the right hand y-axis represents volume % of HFC-134a. The left hand y-axis is 
regeneration T (”C). and the x-axis is time over an 8h day. The different colour profile peaks 
(other than pink) in Figure 5.23 represent temperature of the feed gas (T feed), at entry and 
exit (R2 in), (R2 out) and the temperature of the monolith at the top, middle and bottom of its 
length. The monolith has thermocouples along its outer surface to ensure tliat the complete 
length of the monolitli was heated during the electrical regeneration and to check tlie heat 
distribution versus time. The thermocouples can also be used to obtain the heats of 
adsorption at the start, middle and end of the gas flow.
Three adsorption cycles at 298K on MAST^^YNaX composite are represented in Figure 5.24. 
The four thermocouple temperatures are recorded during adsorption of HFC-134a on the 
IvTVST'^VNaX composite. The inlet thermocouple (represented in black) is obvious as the 
straight line at ^  20"C in the middle of the graph. The thermocouple temperatures are in 
triplicate (as they are over 3 separate runs) and are, at the start (pink), middle (red) and end 
(blue) of the monolith. The average of these values has also been calculated and plotted 
(green). With the small aqua line at the bottom of the graph representing HFC-134a
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breakthrough at 5 volume %, the y-axis is represented by T("C ) and the x-axis as volume % 
adsorbed (see Figure 5.24). There was 9.6% NaX loading in the MAST™/NaX used here.
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Figure 5,24 Adsorption thermocouple readings at 5 vol % HFC-134a, run x 3 (at 298K), y-
axis = T("C) and x axis is t(min).
The thermocouple average (the green profile from Figure 5.24) has been used in (Figure 5.25) 
to liighUght the extent of HFC-134a adsorption volume versus heats of adsorption. At 5vol%, 
the temperature has increased from 25°C to 43°C.
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Figure 5.25 The Mean thermocouple reading (across the monohth) over three separate 
adsorption runs. The y-axis (left) represents T'C and x-axis t(min).
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In Figure 5.26, an average of all the runs carried out at 0.3%, 1%, 3% and 5% volume is 
plotted. The scatter plots indicate desorption in terms of HFC-134a breakthrough and the 
corresponding colour line plots are overlaid to assess speed of regeneration; hence temperature 
in centigrade is on the left y axis and the right y axis is in arbitrary units (as the detector wasn’t 
calibrated). The smallest peak represents 0.3% and the largest 5%.
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Figure 5.26 Regeneration of MAST^VNaX in FIFC-134a adsorption and desorption runs
The adsorption properties of MAST/NaX composite towards HFC-134a were not 
significantly greater than activated MAST™carbon in experimental runs at 313K This is not 
surprising as results had already shown that the carbon/NaX composites started to desorb 
FIFC-134a at around 31 OK. An experimental run at 298K for the MAST™/NaX composite 
sample was undertaken without a blank carbon run.
The MS-RGS filament had to be replaced twice when using HFC-134a and it is possible that 
the F^ fragments recombine quickly with tlie H^ fragments at the filament converting some of 
the HFC-134a to HF and filament corrosion is taking place. At temperatures above 527K, 
FIFC-134a can be converted to HF.
MAST^^* used activated carbon rather than carbonised MAST to perform their experiments. 
A direct comparison of the two monoliths is therefore impossible at this stage.
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The data provided by Sklenickova also indicates that flow rate is key to these adsorption 
measurements of the composite material (e.g. the composite adsorbed 858umol (HFC-134a)/g 
of sample at a flow rate of 6L/min compared to 585umol of HFC-134a/g of sample at a flow 
rate of lOL/min (both at 3% volume)). This is probably due to diffusion throughout the 
zeolite crystals and was also observed by the author when carrying out ammonia adsorption 
experiments since speed of injections had an effect on the adsorption capacity of the NaX 
zeolite and composite materials under scrutiny. Table 5.7 gives an indication of flow rate 
versus adsorption capacity.
Table 5.7 HFC-134a adsorption from breakthrough experiments performed at 313K
Vol % HFC-134a in air Flow
(dmV min)
Extent of 
adsorption*
(pmol/g sample)
Extent of adsorption
(mmol/g NaX)
0.3 45 135 1.4 (at 9.6% Na]Q
1 18 520 5.4 (at 9.6% NaX)
3 6 858 8.9 (at 9.6% NaX)
5 7 749 7.8 (at 9.6% Na]Q
3 10 585 6.1 (at 9.6% NaX)
5 10 639 6.7 (at 9.6% Na]Q
Table 5.8 HFC-134a adsorption data - breakthrough experiments performed at 298K
Vol % HFC-134a in air Flow
(dm^/min)
Extent of 
adsorption*
(pmol/g sample)
Extent o f adsorption
(mmol/g NaX)
0.3 45 400 4.2 (at 9.6% NaX)
1 18 530 5.5 (at 9.6% NaX)
3 6 881 9.2 (at 9.6% NaX)
5 7 1023 10.76 (at 9.6% NaX)
• Extent of adsorption is uptake to the point of breakthrough and is not taken to equilibrium
Average values in Table 5.7 and 5.8 have been taken and plotted in Figure 5.27 and 5.28. They 
suggest Langmuir type uptakes. The data plotted in Figure 5.27 gives an indication of the 
adsorption per monolith (i.e. amount adsorbed in %g/metre), whereas the data in Figure 5.28 
gives an indication of the adsorption capacity of MAST™/NaX (in % g/g), both at 298K and 
313K. MAST™carbon is also included at 313K for comparison.
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Figure 5.28 Extent of HFC-134a adsorption (%g/g, M/\ST*‘^ VNaX) at 298K and 313K
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If  it is assumed that the extent of adsorption is 9%g/g, (taking data from Figure 5.28) for the 3 
and 5% HFC-134a in air volume runs. Therefore 0.09g of HFC-134a is adsorbed onto Ig 
sample. HFC-134a has RMM of 102.03 therefore 0.09/102.03 = 0.88mmoles/g adsorbed 
(882pmol/g) of composite. Therefore if the adsorption is assumed to be purely from the 
zeolite within the carbon pores (though, this is highly unlikely on a partially activated
substrate), then 882/9.6 x 100 = 9191pmol/g (NaX) 9.2mmol/g NaX at a zeolite loading of 
9.6%. This result is exceptionally high compared to the adsorption data produced here on the 
MS-RGA. However, there are three points to keep in mind when comparing the data.
i) MS-RGA used carbonised substrates (rather than partially activated ones).
ii) Extent of adsorption measured on the MS-RGA was not taken to saturation, as can 
be seen in the profile Figure 5.15, where the HFC-134a breakthrough is barely above 
the baseline.
iii) The MS-RGA flow stream was very dilute. Thus, each 5cm^ pulse was only 3% 
HFC-134a (in Argon). This entered into the flow stream of 22cm^/min N^ Therefore 
there was only 0.15cm^ of HFC-134a in the 27cm^ mix of N j/A r carrier which means 
HFC-134a is 0.5% of the gas volume. Hence, the adsorption must be closer to the 
0.3% volume data at 1.8%g/g adsorption. Therefore 0.018g/g, so 0.018/102.03 =
1.76 X 10^ mol/g. Which is 176pmol/g composite and 176/9.6 (zeolite NaX loading)
X 100 = 1833pmol/g (1.8mmol/g qsja^ g). An extent o f adsorption of 1.6mmol/g
may therefore compare well.
5.8.2 Results o f adsorption experiments performed by IGA using HFC-134a on 
carbonised MAST™ /NaX composite.
For the work here an IGA-001 Hiden Analytical system was used to measure HFC-134a 
(purity 99.99%) adsorption on a carbonised M AST^'/NaX composite of 22% zeolite NaX 
loading along with a blank activated carbon comparison at 298K. Adsorption to 20.2 wt% was 
noted. Therefore 0.202g of HFC-134a/gram of composite sample was noted. 0.202/102.03 =
0.002moles/g composite. (2mmol/g composite) at a zeolite loading of 22% then is 2/22 x
100 = 9.1mmol/g p«^ aX). Such results are comparable with the 3-5% volume experimental runs
performed by MAST™carbon on partially activated carbons (i.e. adsorption of 9.2mmol/gg.^^ 
for the 3% HFC-134a in carrier at a flow rate of 6dm^/min and 10.8mmol/g for the 5% HFC-
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134a in carrier at a flow rate of 7L/min at 198K (see Table 5.8). In summary these IGA 
results also compare quite well with the M A S f ^ 'carbon results.
HFC-134a
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Figure 5.29 Isotherm of HFC-134a adsorption on composite and M/\ST^^^carbon (not taken 
to completion, P /P o  normally 0-1).
MAST^^carbon and IGA results support tlie work performed on the MS-RGA. The 
advantage that the RGA-MS possesses over the other methods is its ability to assess catalytic 
reactions and breakdown products associated with the dynamic adsorbate/adsorbent 
interactions during the adsorption process.
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5.9.0 CONCLUSION
MAST™/NaX zeolite composites have been shown to readily adsorb HFC-134a and can be 
electrically regenerated using the resistivity of the carbon substrate. The NaX zeolite 
incorporating TMAH in the synthesis solution was shown to be >35% more effective at 
adsorbing HFC-134a than the NaX synthesised without the templating agent TMAH. Zeolite 
NaX synthesised without TMAH adsorbed 1195pmol/g (Ea 140kJ/mol, T,„^ 348K) whereas 
MAST™/NaX (TMAH) composite was shown to adsorb 1632pmol/g (NaX) (Ea lOOkJ/mol, 
Tmax 358K). In support of this theory, increased adsorption of HFC-134a (1767pmol/g) was 
also shown on zeolite NaX (TMAH) synthesised in free solution (i.e. in the external liquor 
external to the carbon pores). Curiously, the zeolite formed in the macropores/channels of 
the rattan carbon, however, adsorbed HFC-134a only half as well as in its pure state 
(rattan/zeolite composite adsorbed 515pmol/g zeolite (E  ^37kJ/mol, T,^ ^^  335K)). The reader 
should be aware though that the zeolite formed within the pores of the rattan carbon is not 
necessarily NaX, but may be a combination of zeolites due to the metals naturally inherent 
within the rattan carbon. More information on rattan structure, chemical content and zeolite 
growth within the pores including XRD, SEM-EDX and NMR can be found in Chapter 3. 
There is also a possibility that fluid transport is slower in the rattan carbon as pore connectivity 
is somewhat reduced (except in the very large channel regions). The rattan carbon contains 
metals such as Ca, Al, Si, K  and Fe (amongst other elements such as S and P) so Lewis acidity 
within the substrate material could be a factor in the lack of adsorption on the rattan/NaX 
composite (see Chapter 3, for more information on rattan and rattan composite materials). 
With only a 7% decrease in adsorbency, there is no significant pore blocking or diffusion 
restrictions noticed between the NaX (TMAH) supported on MAST™carbon monolith 
(1632pmol HFC-134a /g  Na5Q and unsupported NaX(TMAH) (1767pmol HFC-134a/g 
NaX). The MAST™/NaX composite has been shown to be regenerable by electrical heating 
using the substrate resistivity and so the materials can be conditioned and regenerated in-situ. 
The results obtained by MAST™carbon and IGA analysis supports the results obtained on the 
MS-RGA.
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CHAPTER 6
CO2 ADSORPTION ON A COMBINATION OF 
LTA/NaX/CARBON COMPOSITES, HYDROXY 
SODALITE SYNTHESIS AND FURTHER WORK
SUMMARY
Preliminary experiments indicate that CO2 has been successfully adsorbed onto carbon/NaX 
and carbon/LTA zeolite composites as well as a combination of these two materials. A TPD 
of the materials illustrated that water desorbed at different temperatures to the CO2 and so a 
regeneration of the material and separation of theses two volatiles would be easy to 
accomplish. The best adsorption of CO2 was found to be on a combination o f the two 
composites, perhaps because moisture adsorbed onto the carbon/LTA composite left the 
carbon/NaX composite free to adsorb the CO2. These materials are promising candidates for 
adsorption of CO2 and other greenhouse gases (see Chapter 5). There is an opportunity to 
combined a carbon/3A (too small a cavity to adsorb CO2 and so perfect for the adsorption of 
HjO) with a carbon/NaX zeolite for CO2 adsorption. The two could be regenerated in-situ 
separately.
H-SOD was created when LTA was left for a long time in the synthesis solution but only if 
Ludox colloidal silica was the precursor material, rather than sodium metasiHcate. SEM-EDX 
indicated this material inside the pores, when LTA was formed externally.
The zeolite Na^LTA was and exchanged using HCl and NH 4 N O , respectively to
assess for adsorption of NH, (see Chapter 4). Na"^  LTA was Ag^ exchanged using AgCl to 
assess for 0 2 -enriched air, in order to compare the two zeolites against the 5A (Ca^ LTA) most 
commonly used for the process and assess if a carbon/zeolite composite of these materials 
would be viable due to the electrical resistive heating capacity of the substrate.
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6.0.0 INTRODUCTION TO CO  ^ADSORPTION
6.0.1 CO; Adsorption
Zeolites synthesised in the macropores of carbon substrates have been shown to adsorb the 
molecules NH. and HFC-134a just as effectively as the zeolites do in the pure state (see 
Chapters 4 and 5) and there is no reason to believe that the Greenhouse Gases (GHG’s) 
environmental pollutants, CO;, NOx and SOx and CH4 and toxic gases such as C,S would be 
less likely to be adsorbed. Preliminary investigations on the adsorption of CO; within the 
carbon/zeolite composite have been carried out and the results are more than encouraging. 
The author therefore feels that this area of research has not yet been given the due time and 
attention it deserved, but none-the-less is bursting with possibilities and potential.
6.0.2 Extra framework cation exchange
Many zeolites do not adsorb specific molecules preferentially in the sodium extra framework 
cation form and ion exchanging with other cations often increases adsorption. Thus, during 
this research some time was spent ion exchanging the
i) Sodium LTA composites with silver ions to form AgLTA.
ii) NaX composite materials with lithium to form LiX.
Both of these are expected to be strong adsorbers of N ; and thus producers of oxygen- 
enriched air. AgLTA and LiX are also both (according to the literature reviewed) much better 
adsorbers o f N; that the zeolite 5A most commonly used in PSA systems. The composite 
materials are much more easily ion-exchanged than fine zeolite particles, but even so the 
problems encountered were numerous. The light sensitive silver ions were problematic and 
required synthesis in dark rooms. Then once ion-exchanged, analysis of the waste Ag and Li 
solution was required to assess the levels of Ag and Li depletion in the solutions and therefore 
adsorption into the zeolite structures. Difficulties arose with the light sensitivity, as the Ag 
samples needed to be transported to the Atomic Adsorption Spectroscopy (AAS) instrument 
(Perkin Elmer, AAnalyst 400). Even I i  ion exchange was problematic, since AAS systems are 
predominately set-up for trace metal analysis and the comparatively massive amount that had 
to he analysed here meant significant dilution was necessary. The exchanged materials were 
not assessed for N; adsorption as it had not been possible to adequately state exactly the level 
of ion-exchange achieved. Nonetheless, the silver and lithium ion exchange work that was
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carried out has been added as an appendix in the hope it may be o f interest in future research, 
(see Appendix 6)
6.0.3 ion exchanging using HCl
Acid (H"^ ) exchanging using HCl was an extremely facile processb Zeolites can be 
exchanged using H ;0  because when zeolite LTA is put into distilled water the pH rises to 10- 
11 indicating that the H^ from water enter the zeolite lattice and displace some Na"^  ions\
Na;A (LTA) + 2H+ H;A (H+LTA) + 2Na+
However, ion exchanging with distilled water is a long laborious washing process. The ion 
exchange process can (with care) be speeded up by titrating with HCf This is because 
H^LTA is formed when the amount of H^ ions added to LTA is sufficient to completely 
exchange/replace the Na"^  ions within the LTA structure, but too many H^ ions supplied 
results in complete zeolite structure collapse.^ The recipe for this ion exchange process' 
involved mixing zeolite (LTA) in deionised water (DI) to form a slurry then titrating with HCl 
(0.121M) until the pH dropped to 3.8. According to the literature' pH will not drop further 
even with total structure collapse.
6.0.3.1 Theoretical ion exchange calculations;
The RMM of H^ LTA is 1927.28. Each mole of H"' LTA contains 12 moles of H^ and each 
mole of Na"^  LTA contains 12 moles of Na^ ions. Therefore 1 mole of Na^ LTA = 2191.2g. 
If lOg of Na^LTA is used in the ion exchange process then 10/2191.2 = 0.004564moles. 
Therefore 12 x 0.004564moles of H^ would be needed for 100% ion exchange. 12 x 
0.004564moles o f HCl are therefore needed, which is 0.05477moles of HCl. Therefore 
450cm^ of 0.121M HCl was used.
6.0.3.2 Experimental HCl titration.
lOg of zeolite Na^LTA was added to 60cm^ D I water. The water/zeolite slurry showed pH 
10. The slurry was slowly titrated with HCl, (after lOOcm  ^the pH of the solution was pH 5.75, 
at 200cm^ pH 4.35, 300cm^ pH 4.05, 400cm^ pH 4.12 and finally as the remainder of the HCl 
was added pH 3.95). The exchanged LTA crystals were then quickly water washed to remove 
external NaCl ions and dried in an air oven at 373K overnight.
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6.0.3.3 ion exchange
exchange was easily accomplished using a solution of ions in great excess.
Experimental: 6 g of LTA was ultrasonically dispersed in 210cm^ of IM  ammonium nitrate 
solution^. The crystals were sonicated for Ih  at 333K.^ The removed, washed with DI water 
and oven dried at 323K“. The samples were heated in the rig to remove NH 3 thereby 
producing the H^LTA zeolite desired.
These exchanges were (as expected) easily accomplished and the resultant zeolites and 
composites were assessed for zeolite structure collapse (XRD), before being used for 
adsorption o f the basic NH 3 molecule (see Chapter 4). Adsorption of N H 3 on the add 
exchanged zeolites was however, not so great as adsorption of N H 3 on NaX zeolite, and so 
these materials were not found to be of any advantage (for the adsorption o f N H 3) and thus 
ion exchanged zeolites were not pursued further.
6.0.4 LUDOX™ Colloidal silica and hydroxy sodalite zeolite
Zeolite synthesis from Ludox^' precursor was also examined.
i) Using the Thomson LTA redpe^’"' but substituting the sodium metasilicate with 
Ludox™ colloidal silica over a longer synthesis period (5 weeks)^ hydroxy sodalite 
zeolite crystals were ""apparently' (SEM imaging and literature information'' ^ )^ formed 
within the carbon pores while LTA crystals presented outside the structure and in the 
external liquor (see SEM images later in this chapter).
ii) Ludox™ colloidal silica could be made to easily gel at neutral pH and room 
temperature thus produdng a porous silica xerogd monolith structure if desired, Ti or 
La could be incorporated during the gelation producing interesting inorganic gels or 
xerogels. Alternatively, the gel can be used to incorporate bio-molecules such as 
Bovine haemoglobin (Bhb) or P450 enzyme (without the apparent denaturing that 
occurs when TEOS is used due to the acidic environment required). These proteins 
also appear to be shielded from bacterial attack for significant periods of time while 
‘encased’ in the gel structure.
Bhb kept its strong red colour well when incorporated into the gel and denaturing is easy to 
see by a strong colour change. This led the author to believe that thin film bio-sensors or bio- 
templating might be possible in the future with such materials.
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6.1.0 BACKGROUND ON CO; ADSORPTION
Currently, many countries are trying to reduce their greenhouse gas emissions (particularly 
CO;) due to its detrimental impact on global warming. The technologies proposed to reduce 
the impact of CO; on global warming are geological sequestration^ (capturing CO; from 
burning of fossil fuels and sequestering in geological formations^) or ocean sequestration 
(Oceans sequester 30-40% of fossil fuel CO; emission and most biogeochemical models 
assume that oceans will continue to take up and sequester about two gigatons/year of 
atmospheric CO;)'’. Both these systems have their drawbacks since the CO; is merely ‘stored’ 
in a medium other than air and in the case of geological sequestration could be leached back 
out slowly by temperature changes (earthquakes, volcanoes) or pH changes. In ocean 
sequestration, the high levels of CO; appear to be slowly changing the pH of sea water which 
can have a disastrous effect on marine organisms, and as such this approach to CO; reduction 
has caused some concern amongst oceanographers^. The problem has led recently to a 
resurgence of research on CO; binding and conversion. Researchers are reassessing old 
technologies such as the Fischer Tropsch syn-gas reaction to new technologies (such as using 
solar energy for photocatalytic conversion (as well as electro or thermocatalytic conversion)) 
One area of research under review is the feasibility of reactions to convert CO; into a fuel 
stock using the Fischer Tropsch (FT) and/or water gas shift (WGS) reaction. However, one 
could use new technologies for CO; hydrogenation by iron based catalysts^, membrane 
development^ and or solar/fuel cells as the source of necessary energy” ’ Therefore, we are 
also seeing an increase in studies on the optimisation of industrial synthesis gas production 
plants (with recycling processes using CO; as a reactant).* Alongside the current research on 
CO; capture and conversion, large amounts of money is being spent on studying CO; 
emissions reduction potentials in industry^ and aviation'*'.
Some of the C O ; conversion studies, focus on converting solar energy to fuel by developing 
molecular electrocatalysts for C O ; reduction to C O  using light energy (to generate the 
electrochemical potentials required to drive the (otherwise thermodynamically uphill) fuel- 
generating reaction.” With some success, researchers have also been studying the 
electrochemical conversion of C O ; to C O , C ;H ^ and CH4 (using a Cu electrode) at a three- 
phase interface in acidic solution'^. While other researchers (such as Kubiak and Olah)'^’'  ^take 
inspiration from photosynthesis in nature. Olah reviewed numerous processes over the last 15 
years on conversion of C O ; to methanol and CH3-O-CH 3.'* While, Kubiak’s work focuses on
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catalytic reactions that reduce CO; to HCOOH then to formaldehyde (HCHO) and then to 
methanol'*' (using a series of three catalysts in tandem that would directly convert a flow of 
CO; to methanol).'*' Others are researching converting CO; to fuel by using it as a feedstock 
in algae farms'"’. All of these processes require that atmospheric CO; is efficiently 
concentrated by adsorption in a form whereby it can easily be desorbed for conversion using 
any of the above systems (without generating too much CO; in the process).
6.2.0 ADSORPTION OF CO; WITH OLDER AND NEW ER ADSORBENTS
Three options have been proposed to meet the targets of the Kyoto protocol (Feb 2005) and 
the Asia-Pacific partnership for Clean Development and Climate (July 2005)'^.
i) Improving efficiency of energy utilization,
ii) Increasing use of low carbon energy sources
iii) CO; capture and sequestefian.'*’
O f the three options, CO; sequestration has been identified as the most effective one."’ A 
number of new concepts have been proposed to capture CO; and in all of those concepts 
adsorbing materials are a key component.'®
In 2007, Feng reviewed'® metal oxides as CO; adsorbing materials and compared them against 
other CO; adsorbing materials. He classified the materials as follow:
i) Microporous and Mesoporous materials (e.g. activated C, C fibre. Zeolites and 
chem.-physically modified mesoporous materials such as MCM 41),
Ü) Metal oxides (e.g A ^O , BaO, CaO, C s;0, K ;0 , L i;0, MgO, N a;0 , R b;0 , SrO and 
ZnO)
iii) Hydrotalcite like compounds (anionic and basic clays (layered double hydroxides 
(LDH)*).
iv) Other materials such as K;COg, Na;COj, Ii;Z r0 3 , or Li -^LiO .^'®
* According to Feng'® “Hydrotalcites are positively charged brucite-like (Mg(OH);) layers with 
trivalent cation substituting for divalent cations at the centres of octahedral sites of hydroxide 
sheet whose vertex contain hydroxide ions and each “OH group is shared by 3 octahedral 
cations and points to the interlayer regions”.
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Feng commented'® that micro-mesoporous materials have reasonably high CO; adsorption 
capacity but adsorption is reduced with increase in temperature (until at temperatures higher 
than 573K capacity reduces to almost zero)'®. Metal oxides, on the other hand, showed much 
lower adsorbance than some of the micro-mesoporous materials (such as zeolite NaX), but 
retained adsorption at temperatures higher than 573K'®. He stated however, that less research 
has been performed on the performance of metal oxides at high temperatures (except CaO 
(gCO;/gCaO = 0.785, regeneration energy 4.04kJ/gCO;) and MgO (gCO;/gMgO = 1.092, 
regeneration energy 2.68kJ/gCO;)).'® Except for some research work on adsorption o f CO; in 
space Hfe support systems at low temperatures, that was performed on the two metals oxides 
with the lowest regeneration energy, (i.e. A g;0 (gC 0;/gA g;0 = 0.189, regeneration energy 
1.87kJ/gCO;) and ZnO (gCO;/gZnO = 0.540, regeneration energy 1.62kJ/gCO;)).'® O f the 
metal oxides reviewed by Feng'^ L i;0  had the highest CO; adsorption capacity (1.471g CO; 
adsorbed/g Li;0) but regeneration was 5.15kJ/g of CO;'® so MgO would be more cost 
effective. Hydrotalcite-like compounds were found to adsorb CO; satisfactorily at temps as 
high as 673K'® Obviously the higher the adsorption temperature the more energy is required 
to regenerate the material, hence materials that adsorb at high temperatures have their 
limitations due to the massive amounts of energy needed to regenerate them. K;COj and 
Na;COg can adsorb CO; very quickly but regeneration of these materials is also a problem. 
Li;Zr0 3  and li^SiO^ were also recently shown to be able to retain high CO; adsorption 
capacity at high temperatures and of course suffer from the same regeneration problems and 
these materials have been proposed as potential coal gasifiers (research is needed on 
fabrication, ash effect, reversibility and regeneration).'®
Feng found'® that micro-mesoporous materials (such as activated C and zeolites) are better 
adsorbers of CO; at moderate temperatures, but suggested that among metal oxides, CaO was 
thermodynamically the best candidate for high temperature adsorption >800K.'®
Much of the work carried out in this field focuses on activated C or zeolite meso-microporous 
materials in a pressure or thermal swing system to separated bulk or trace CO; from a gas 
mixture'^ (at moderate temperatures <373K), as it has been suggested that physisorption 
rapidly decreases at higher temps (not necessarily true as NaX adsorbs CO; very well until 
~473K). Therefore a variety of reversible CO; chemisorbents are under development offering 
CO; sorption from 423K<773K.'^ Lee comments'^ that some of the chemisorbents exhibit 
high selectivity of CO; in the presence of H ;0  and suggests use of these materials as high 
temperature flue gas CO; adsorbents.'^
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Lee conceded'^ that zeolite in particular exhibited extremely high capacity for CO; at very low 
pressure and that the low to moderate isoteric heats o f sorption o f these adsorbents permit 
reversible sorption of CO; due to relatively easy desorption.'^ Lee recommends activated 
carbon for removal of CO; using PSA and PVSA (from steam-methane reformer off gas after 
WGS reaction). But for all other processes involving PVSA, PSA and TSA zeolites NaX is 
preferred (CaX is preferred for PTSA).'^
The only two limiting factors ascribed to physisorbents (zeolite and carbon) by Lee were the 
decrease in adsorption at temperatures above 473K and the selective adsorption of water over 
CO; by zeolites (due to the large permanent dipole of the water molecule). Lee admits'* that 
zeolite NaX is the best adsorbent of CO; <473K but recommends the use of the 
chemisorbents CaO and Li;ZrOg from 473 -773K.'^
A comparison of the adsorption data for the recommended metal oxides versus NaX is below: 
CaO(s) + CO;(g),<-^ CaCOj(s) n*~18mol^(2Q2)/kg^c^o) (AHR = -180kJ/mol)'^
Ii;Z r0 3 (s) + CO;(g) -(-> Ii;C 0 3  + ZrO;(s) n ~5mol(Q02)/kg(Li2Zr03) (^H R =- 
159kJ/mol)''
NaX zeolite (304.5K) adsorbs 825mol^(^o2)/kg(NaX)/^tm. (AHR = 50kJ/mol)'’ 
(selectively adsorbing CO; over CH4, CO, N; and H;)
Activated C (303K) adsorbs 4 mol (^^Q2)/kg^ (^.(. g /a tm . (AHR = 25kJ/mol)'^
Lee comments “both the CaO and Ii;Z r0 3  processes are temperature dependent, which is 
characteristic of chemical equilibria for bulk reactions between a gas and a solid, thus the CO; 
is chemisorbed by the solid only if the partial pressure of CO; in the gas phase is higher than a 
characteristic value (pco2*(D) ^ given temperature (T) . Otherwise there is no
chemisorption of CO; at that temperature.
Another disadvantage to using these chemisorbents materials, is the high temperatures 
(>1075K'*) required for regeneration. Thereby CO; may be produced from the energy 
required to regenerate the material.
One of the newest research materials for high pressure CO; separation under review is a 
microporous titanosüicate ETS-10 membrane. It is intended to be used for the separation of
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CO; from C O ;/N ; and C O ;/H ; mixtures. The separation factor of the membrane (at 295K) 
from an equimolar mixture of C O ;/N ; is 7-10 (in the 0.60-2.02MPa pressure range).'*
6.3.0 CO; ADSORPTION O N  SYNTHETIC FAUJASITE (NaX, NaY) ZEOLITE  
AND ACTIVATED CARBON
Zeolites, and particularly zeolite NaX, has the best adsorption potential for CO; at moderate 
temperatures and pressures and therefore much of the research on CO; adsorption has been 
carried out in this field. Many o f the research studies have focused on comparing the 
adsorption of CO; on NaX zeolite versus activated carbon. Therefore the U.S Department of 
Energy published adsorption and desorption isotherms of CO; adsorbed onto NaX'^ and 
indicated that CO; could be recovered by simply lowering the pressure.'^ Contrary to popular 
belief, the U.S. dept, of Energy results of competitive gas adsorption at 298K with both high 
and low pressures indicated that H ;0  vapour does not affect the adsorption of CO; by NaX 
zeoüte.'^ Perhaps because water lowers a zeolites acidity and CO; (being a slightly acidic 
molecule) is not adsorbed on acid sites. Activated carbon, strangely enough, showed lower 
CO; uptake in the presence of water vapour and oxygen. A very high CO; uptake was 
observed with molecular sieve NaX during high pressure competitive gas adsorption studies 
(6-7mmol/g). The isotherms presented overleaf provide a comparison of CO; adsorption and 
desorption on activated carbon and NaX (see Figures 6.0.0 and 6.0.1).'^
Other researchers^" studying CO; adsorption on zeolites state that the extra framework cation 
induces basicity and an electric field^". This basicity and the electric field varies inversely with 
the Si/Al ratio^". The size of pores is also an adsorption factor, as is polarity. Therefore CO; 
with a great quadrupole moment may interact with the electric field of zeolites thus favouring 
adsorption^". On zeolites CO; adsorption increases with gas phase pressure. Bonenfant 
found"" that the presence of water significantly decreases the adsorption capacity o f cationic 
zeolites by decreasing strength and heterogeneity of electric field and by favouring the 
formation of bicarbonates^". Bonenfont concluded'" that optimization o f zeolite 
characteristics and experimental conditions may substantially increase CO; adsorption and give 
rise to excellent adsorbents to capture the industrial emissions of CO;. Bonenfant also, found
the best zeolite for CO; capture to be NaX, at 5.24mmoles/g (NaX)-^ °
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Figure 6.0.0 Adsorption of CO2 on NaX at 295K (ISyoCO,, 82% Ng, 3% O, and FLO
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Figure 6.0.1. CO? adsorption isotherm on activated carbon at 295K and 1.72MPa’'^
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Shao measured"^ adsorption isotherms of pure gases CO2 and Ng on NaY (at 303-473K) and 
pressures up to lOOkPa and concluded^^ that the adsorption isotherm of CO2 on the synthetic 
faujasite zeolite is higher than on other porous media reported in literature. The adsorption 
isotherms measured by Shao even suggest that the NaY zeolite may be capable of capturing 
CO2 from flue gases at high temperatures.^^
Many zeolites exist to capture COg (i.e. ZSM5-30, ZSM5-50, ZSM5-80, ZSM5-280, HiSiv 
3000, HY5.1, HY30, HY80, HiSiv 1000, NaYlO, NaY, 5A and NaX) and Konduru also found 
zeolite NaX to have a high working capacity for CO2 NaX exhibits preferential adsorption of 
CO2 and so can separate COj from gas mixtures containing Nj, H 2 and He.“  Konduru 
quoted^^ research by Chue whereby Chue found that high purity CO2 (~99%) could be 
produced by NaX from a gas stream containing 84% N 2 and 16% CO2. Therefore 13X was 
employed for the capture and recovery of CO2 in a flow through system where the adsorbent 
was subjected to 5 adsorption-desorption cycles. TSA was employed as the regeneration 
method through heating to approximately 135°C with He as the purge gas. Over the five purge 
cycles Konduru fotmd"^ that although the adsorption capacity at 90% saturation decreased 
from 78g to 60gCO2/kg NaX. The service life of the adsorbent was determined to be equal to 
11  cycles at a useful capacity of 40gCO2/kg NaX.^
Munoz commented^^ that although activated C had been widely used as CO2 adsorbents (due 
to their high surface areas), its high adsorption capacity is limited at 295K. Przepiorski^^ 
observed a decrease in the CO2 adsorption capacity of activated C in only 9K temperature 
change (from 298 and 309K). For this reason Munoz selected^^ zeolites as CO2 capture 
adsorbents, Munoz stated^^ that Inui studied the relationship between the properties o f CO2 
and various zeolites and concluded NaX to be the proper choice. Kumar (another researcher) 
estimated that NaY could be substituted for NaX due to its easier regenerability. Munoz 
tested^^ NaY, NaX and both exchanged with Cs. The highest adsorption was found for NaX 
zeolite following the order: NaY <CsYCsCO) <CsXCsC0 3  <CsYCsOH <CsXCsOH <NaX. 
However, CsXCsOH desorbs at higher temperatures (658K) whereas NaX desorbs at (632K). 
So there is scope for the use of CsXCsOH in higher temperature systems.^^
Zhang studied^ "* Li, Na, K  and alkaline earth cation exchanged chabazite zeolites for CO2 
capture from flue gas by vacuum swing adsorption for temperatures below 393K and made 
isotherm measurements over a range of temperatures 273-333K It was found that NaX holds
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superior performance at relatively low temperatures for COg adsorption. Zhang found holes 
in the research carried out by of Harlick^^, since Harlick claimed that a low SiOj/AljOj ratio 
was the most promising option for COg capture. This has not experimentally been found to 
be the case and Zhang states it is because Harlicks analysis used ideal pressure swing cycles and 
overlooked the importance o f the heat of adsorption in altering the adsorbent temperature and 
hence its working capacity. Zhang states '^  ^ that it is essential to include this effect, since 
operation of a PSA process with a strongly adsorbing species (such as COg) leads to large 
temperature swings (up to 20K has been observed by Zhang)
Galhotra commented”^  that zeolites have the potential to adsorb, store and convert CO2 into 
more useful products and are ideal materials for the mass scale sequestering and/or conversion 
of CO2. Nanocrystalline zeolites were witnessed by Galhotra^^ to have unique properties for 
CO2 adsorption as COj^' and H C O ,' species formed on the external surface o f the 
nanocrystalline zeolite during adsorption. The high external surface area and active sites 
present on the external surface of the zeolite may be useful for converting stored CO2 to 
CH3O PI. Bicarbonate formation is also evident in BaY but only in the presence of co­
adsorbed water. Galhotra applied"^ quantum chemical calculations to the experimental data 
obtained and the theoretical calculations and experimental data provide complimentary 
information.^^
The US Department of Energy’s (DOE) Carbon Sequestration Program indicated the need to 
reduce the cost of carbon capture for long term storage in any suitable geologic formation and 
so are in the process of researching a variety of techniques for CO2 capture in order to be 
ready for 2 0 1 2 , should mandatory limits on CO2 emissions be imposed.
The DO E has reviewed^^ these techniques and published some initial comments:
i) Carbonate systems - A new K2CO3 based system with catalytic piperazine (PZ) has 
an adsorption rate 10-30% faster than the monoethanolamine (MEA) previously 
used. However, PZ is more expensive than MEA so the economic impact is about 
the same since only 5% PZ is needed to 30% MEA.
ii) Aqueous ammonia — (NH,^)C0 3 ), CO2 and water form ammonium bicarbonate 
(ABC). This reaction is known as wet scmbbing and has a significantly lower heat 
of reaction than amine based systems, resulting in energy savings. Other 
advantages include the potential for high CO2 capacity, lack of degradation during
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adsorption/regeneration, tolerance to in the flue gas, low cost, and potential for
regeneration at high pressure. Unfortunately the high volatility o f ammonia means 
flue gas must be cooled to enhance CO2 adsorption and minimise NHj emissions 
during adsorption and regeneration. ^
üi) Amine systems - amines react with CO2 to form ammonium carbamate (RNHj +
CO2 —*■ RNH,^0 2 CNHR) water soluble compounds and so are able to capture 
CO2 from streams with low CO2 partial pressure. Thus, amine based systems are 
able to recover CO2 from the flue gas of conventional pulverised coal (PC) fired 
power plants (but only at significant cost and efficiency penalty).
iv) Amine membranes — membranes selectively separate CO2 from CH4 and can be 
produced with amine group functionality by sol-gel dipping. Therefore they have 
better adsorption capacity for CO2 than the Si membrane alone. As yet the elusive 
balance between permeance and selectivity have not been achieved. They also 
suffer from similar high temperature problems to amines.
v) Zeolite membranes - Zeolites have been formed as thin films and membranes by 
numerous researchers already (refer to chapter 2  and 3) as they are proven CO, 
adsorbers. However, The D O E has been interested in research being carried out 
at the New Mexico Institute of Mining and Technology focusing on adsorption at 
temperatures around 673K^^.
vi) Polymer membranes — Polymers are also under investigation, but again 
temperature is an issue. ^
vii) Sodium Carbonate — a dry inexpensive regenerable supported sodium carbonate 
(NajCOj) sorbate which reacts with water and CO2 to form sodium bicarbonate 
(NaHCOj). This is under investigation. TSA is used to regenerate the sorbent to 
produce CO2 and water Problems associated with pressure drop and heat transfer 
with solid sorbents are under examination (as with pure bulk zeolite crystals).
viii) MOFs - Metallic monoliths coated with hydrophobic zeolite-grafted amine are 
currently under research (as with zeolites the cavities in MOFs can be carefully 
sized for COj). A high storage capacity has been reported as possible (simulation 
studies) and over 600 chemically and structurally diverse MOF’s have been 
developed over the past few years for different purposes. Willis (2006)^  ^ showed 
one of the highest surface area and adsorption capacities for CO2 at elevated 
pressures but additional work is required to determine stability over thousands of
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cycles and the effects o f typical flue gas impurities. Once again temperature is an 
issue, but so is attrition and cost.
ix) Enzyme based systems - based on the naturally occurring reactions of CO2 in 
living organisms. One system is based on a carbonic anhydrase (CA), an enzyme 
that achieves capture and release by mimicking the mechanism of the mammalian 
respiratory system. The enzyme (in a hollow fibre containing a liquid membrane) 
has demonstrated the ability to capture 905g CO2 followed by regeneration at 
ambient conditions. This process has low heats o f adsorption reducing the energy 
penalty assoc with adsorption processes. CA has the ability to catalyse 600,000 
molecules of CO2 per molecule (CA)/per second. The potential Hfe of CA is 6 
months based on laboratory tests. The idea is to use immobüized enzyme at the 
gas/Hquid interface to increase mass transfer and separation of CO2 from flue gas. 
The major technical challenges include membrane boundary layers, pore wetting, 
surface fouling, loss of enzyme activity, long term operation and scale up '^’
x) Ionic Hquids (IL) — these typically contain an organic cation and either an inorganic 
or organic anion. These IL’s can dissolve gaseous CO2 and are stable at temps up 
to several hundred degrees. They can operate at high flue gas temp but 
regeneration is physical so Httle energy is required. High viscosity may be an issue 
in practical appHcations as viscosity of these new IL for CO2 adsorption is higher 
than normal IL^ ^
Others working in the areas of amine chemisorption systems have also stated^’ that they have 
high energy regeneration requirements and a loss of effectiveness over time is also apparent 
due to low thermal stabHity, evaporation and a tendency to induce corrosion.^^ Amine-grafted 
inorganic-organic systems have been developed in order to deal with these issues but the 
adsorption performance of theses hybrid organic-inorganic mesoporous materials is still not 
sufficiently high^’ due to the limited number of amine sites available to capture .
Recently Polyethylenimine (PEI) was impregnated into mesoporous substrate MCM-41^’. This 
significantly improved CO2 adsorption capacity as a result of the high amine loading. The 
substrate used was MCF (containing ultra-large mesopores) fiinctionaHzed with melamine- 
type dendrimers^^. But even though very high organic loading was achieved (up to 55 wt %) 
CO2 adsorption was none the less found to be maximum 4 wt% experimentally and 7 wt% 
theoretically of the material produced, this 7 wt % equates to the highest possible theoretical 
adsorption being 13.3wt% at 348K from a 100% CO2 gas stream on the melamine 
dendrimers"^. The decomposition started at around 573K“^  and although this is indeed very
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good for an organic amine type material, is similar to the temperature at which zeolites cease to 
be effective (but zeolites are not decomposed <1273K (loss of residual water at this 
temperature may cause zeolite collapse) so they can still be effective on lowering the 
temperature). Therefore so far, there are no materials that can currently compete with the 
robust and well tested zeolite NaX.
Other zeolites of interest are: 5A, LTA and Zeolite Y supported Rhodium catalysts
5A was researched^^ in 1998 to remove excess COg exhaled by the crew/onboard animals in 
spacecraft cabins. At 298K and 102kPa the COg loading on the zeolite 5A was 15.8 wt%, at 
323K and 104kPa = 14.7 wt % and at 348K and 104kPa = 13.3 wt %, 373K and 109kPa = 
10.8, 448K and 107kPa = 3.89 and 523K and 106kPa = 1.43wt
Jaramillo and Chandross developed^^ force fields for the calculation of adsorption of N H 3, 
CO, and HjO on LTA (4A) zeolite, by performing Gibbs ensemble Monte Carlo simulations 
to fit experimental isotherms at 298K. Their calculated N H 3 and CO2 isotherms are in 
excellent agreement with the experimental values obtained over a wide range of temperatures 
and pressures. They also found that for a range of temperatures H 2O saturates LTA (4A) even 
at pressure as low as 0.01 kPa. They studied the geometry of the adsorption sites and their 
dependence on loading. At low pressures CO2 molecules adsorb with their longitudinal axis 
pointing towards the centre of the supercage whereas at higher pressures, the two oxygen 
atoms are equidistant from the Na atom in the binding site. The researcher found 50 CO2 
molecules per unit cell in LTA at lOOkPa as opposed to 240 H 2O molecules per unit cell in 
LTA (4A) at lOOkPa both at 298.^  ^ Therefore LTA(4A) adsorbed water preferentially to CO2
with a ratio of ~ 5(H20):1(C02)-
Bhat fbund^" that zeolite NaY supported rhodium particles, encaged in zeolite NaY, prepared 
by ion-exchange o f (Rh(NH3)3Cl)CI2, effectively catalyze the conversion o f CO2 + CH4 to CO 
+ Hj, even with very low metal loadings. The Rh/NaY catalysts are very active and produce 
syn-gas with a H 2/C O  ratio near unity from equimolar CO2 and CH4 feeds. Higher H2/C O  
ratios were obtained from feeds containing steam in addition to CO2 and CH4. The stability at 
atmospheric pressure and over high temperatures was (according to Bhat) remarkable. With a 
total absence of carbonaceous deposits that has been verified by TP oxidation of used 
catalysts. In contrast Ni and Co catalysts have poor stability and deactivate rapidly in the 
absence of steam in the feed because of extensive formation of carbon whiskers.^*’
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According to the literature search^  ^LTA (4A) zeolite should adsorb water in preference to CO2 
and since NaX is (according to some researchers)*^ a good adsorbent of CO2 even in humid 
conditions (but a much better adsorber when dry). Therefore some rapid, brief, preliminary 
CO2 adsorption experiments were undertaken in order to ascertain if the correct combination 
of carbon supported LTA/NaX zeolite in tandem could ensure water molecules were 
predominantly adsorbed onto one zeolite (LTA), while CO2 was adsorbed onto the other 
(Na2Q. The high capacity of zeolites to adsorb water is environmentally advantageous as water 
vapour is itself a greenhouse gas and since it is in such abundance within the atmosphere is 
itself responsible for twice the level o f atmospheric global warming pollution as CO2. Also in 
situations such as vehicular (coach or aviation) transport the capturing and recycling of water 
for wash facilities is entirely desirable.
6.4.0 EXPERIMENTAL CO2
6.4.1 TPD, RGA-MS (residual gas analysis — mass spectroscopy)
Dynamic MS-RGA, (residual gas analysis — mass spectroscopy) was used to assess the 
composite materials capacity for desorption of H 2O and CO2 in order to assess the levels of 
these molecules that had previously been adsorbed at room temperature. The analysis was 
performed in real time using TPD while monitoring the gases evolved. Desorption (TPD) of 
the previously adsorbed molecules also provides information on the desorption parameters 
necessary to separately desorb H 2O and CO2 for regeneration purposes (both water vapour 
and CO2 are considered GHG’s).
6.4.2 Run parameters:
MS-RGA pressure = 2.5x10“^ Torr (i.e. about 3.3x10'^ atm)
N 2 inert carrier gas. Flow rate = 22cm^/min (100% on MFC)
Previous adsorption of the molecules CO2 and H 2O was carried out passively at room 
temperature after drying the composites in an air oven overnight at 373K
6.4.3 Experimental
The method was very similar to that used in section 4.6.8 for N H 3 . The inert carrier gas (N2) 
flowed through the rig system at a constant rate until it achieved equilibrium (straight baseline). 
The molecules were then TPD from the sample by heating from 295K to 633K at a rate of 
lOK/min to remove the CO2 and H 2O then cooled to room temperature.
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The Intelligent Gravimetric Analysis work (IGA) (see section 5.8.2) was performed on an 
IGA-001 Hiden Analytical system using HFC-134a (purity 99.99%). IGA uses the gravimetric 
technique to measure gas and vapour sorption on materials by measurement of weight change, 
pressure, temperature and gas flow.
6.4.4 Rig (described already in 1.9.4 and 4.6.1)
Analysis was carried out using an ESS VG Quadrupole Sensorlab residual gas analyser (RGA) 
(see 4.6.9). Operation depends on the conversion of gas molecules into charged particles 
(typically positive ions/fragments) as described in section 5.5.4.
6.4.5 RGA-MS experimental parameters.
As previously stated carrier gas (RMM = 28) has a fragmentation pattern m /e  28 (100%), 
m /e  14 (5%) and m /e  29 (1%)*"* and the COg (RMM = 44) has a fragmentation pattern m /e  
44 (100%), m /e  28 eThe RGA provided a fast real time desorption m /e  fingerprint o f the 
molecules desorbed. The programme analogue scan was first selected to ensure only the 
molecules H^O and CO^ were being desorbed from the zeolites/composites. This was found 
to be so (as expected), however, there were also small amounts o f Ar desorbed, therefore the 
chosen carrier gas was Ng. MIM mode was then used for the analysis. The combined levels in 
%wt of the gases H ?0 and COg can be approximately determined by directly related the 
desorption profiles from the MS-RGA to the TGA analysis graphs carried out on these 
materials. However, no calibrations were performed and so an actual quantitative assessment 
cannot be obtained. Nor were the samples preconditioned before use.
6.4.6 Rig construction (see Figure 1.6 and section 4.6.1)
Flow rate was controlled with a mass flow controller (Bronkhorst) (inlet 150kPa and outlet 
20kPa). The MFC flow rate was 100%, therefore 22cm^/min Ng. The rig is shown 
schematically in Chapter 1, Figure 1.6.
6.4.7 MAST™carbon TGA and RGA COj/HjO experimental work.
The NaX, LTA, carbon and composite samples used had previously been oven dried 
overnight at 373K, then left out in air overnight. The sample was weighed and then placed in 
the MS-RGA sample rig, under a flow of N^ before TPD to assess the volatiles previously 
adsorbed on the samples at ambient temperature and pressure was commenced. Carbon alone 
was first assessed (see Figure 6.0.2a. TGA and b,c. RGA-MS)
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Figure 6.0.3a. Portion of tlie TGA profile from MAST^^  ^to 100“C and b,c correspronding 
PPO and CO? MS-RGA profiles respectively, d.MS-RGA desorption of CO; to 400"C 
(baseline augmented). (lOK/min to 633K)
TGA of (Figure 6.0.2a) shows volatiles make up 13% of the sample weight. Most of the water was 
released at <100“C with this carbon sample. 11;0 products of desorption emerged at lower 
temperatures than CO?. At higher temperatures H?0 releases continue to dominate the desorption 
profile (see Figure 6.0.2b). CO? release is 18 x greater than the baseline.
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6.4.8 TGA and RGA of COg/HgO desorption from MAST™NaX composite
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Figure 6.0.4a. TGA of MAST^'^VNaX composite indicates 26.5wt% is released in volatiles up 
to 350"C and b. MS-RGA profile of CO? (m/e 44) and 14,0 (m/e 18) desorbed from 
MAST*'^VNaX (both at lOK/min in flowing N,)
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Figure 6.0.5a. TGA profile (to 100'’C) b, corresponding MS-RGA profiles of COj and H^O 
TPD up to 100"C and c. full profile of desorbed COg from MAST™/NaX (lOK/min to
633K in flowing N?).
It is obvious from Figure 6.0.5b that both that CO2 and HgO are released simultaneously below 
100"C from MAST/NaX and contribute to the low temperamre weight loss seen in TGA. At 
higher temperatures (see Figure 6.0.4b) both IfiO  and CO, are also desorbed simultaneously. 
ITierefore although NaX has according to literature’ the best adsorption for COg for 
industrial applications, it would desorb both below 633K. It is expected to desorb CO^ more 
efficiently at temperatures above 633K, but tliis is probably because all the free zeolitic H ,0  
has already been desorbed at this temperature.
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6.4.9 TGA and RGA of COg/HgO desorption from MAST™‘/L T A  (4A)
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Figure 6.0.6a. TGA profile of MAST^^'/LTA and b. MS-RGA profile of FI2O and 
CO2 from MAST™/LTA (both at lOK/min to 633K in N.)
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Figure 6.0.7a. TGA profile to 1Ü0”C b. corresponding MS-RGA profile of GO, (m/e 44) 
and H 2O (m/e 18) to 100"C and c. MS-RGA profile released from MAST^'^VLTA composite
at lOK/min to 633K
In this scan H^O is desorbed but reaches a maximum at 338K whereas a Httie of the COg is 
desorbed below 338K but most is desorbed after 373K and reaches a maximum at 448K. The 
levels of CO, desorbed are considerably greater than was expected for an unconditioned 
composite sample of high humidity^
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6.2.10 TGA and RGA of COg/HgO desorption from LTA (4A)
SSTplS. LTAN2 
Size: lC 45K<r.s 
Mencd: RaTp
CznriîM: RaTp ?t>fr RT so XC'C at iO‘& rr i Ir N2
TGA =;ie; C;. .-GA.GJESTiJcnes.'.iTA_NS_3t3'!Dt5,0 OceTator: Susan iVDi 
Ruti Sate: ss-o c t-sso ; i& ;o  
•tefuTer-.: t g a  Q5C0 V5.7 E aid 2 :3
1:0
Q2
C'.t
D.Ü
40C15CICQ
Ui
1.E-08
1.E-08 -
1.E-0S -
9.E-(
7,E-(
—  H20
—  C02
6.E-09 -
5.E-(
4.E-(
3.E-09 -
2.E-(
400100 1 50 250 300 350
b.
Figure 6.0.8 a. TGA profile of LTA (4A) zeolite and b corresponding MS-RGA profile of 
COg and II2O desorbed from LTA (4A) (at lOK/min to 633K).
The MS-RGA profile indicates that most of the 20% wt loss can be attributed to desorbed 
water (as expected) as the water completely dominates the profile. The zeolite is saturated to
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the point that it is even desorbed at room temperature before the TPD commences. There is 
however, an indication of the CO; released between < 150"C (seen more clearly in Figure 
609c.). Despite tlie initial desorption of CO, though (Tmax 348K) not a great deal of CO, is 
desorbed between 150 and 360”C indicating that (in agreement with Jaramillo & Chandross29) 
minimal CO, is adsorbed in a humid environment.
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Figure 6.0.9a. TGA scan and b,c MS-RGA profile of CO, and H ,0  desorbed from LTA
alone (lOK/min to 633K)
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6.4.11 TGA and RGA of COg/H^O desorption from NaX (13X)
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Figure 6.10a TGA profile of TfiO and CO, desorbed from NaX and b. corresponding MS- 
RGA profile of CO, (m/e 44) and H^O (m/c 18) from NaX (both at lOK/min to 633K)
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Figure 6.11 MS-RGA profile of COjreleased from NaX (lOK/min to 633K). Even with 
augmented baseline it is obvious that NaX does not release COg below 150"C. There appears 
to be a slight desorption from 200-250''C but below quantifiable levels. .
Tire above RGA scans show (Figure 6.10b and 6.11) that no CO; is desorbed from NaX 
whatsoever over the range of 298-633K. NaX adsorbs CO; strongly (according to the 
literature) so it is possible that it is desorbed at liigher temperatures. Zeolites normally need to 
be conditioned (heated to temperatures of 523-623K) to remove I RO or other previously 
adsorbed volatiles before adsorption and due to time constraints this has not been carried out 
in this quick study). The zeolites were taken hs is’ and the molecules adsorbed from the 
zeolites and composites being left to stand in air assessed. It is clear that the 24% wt loss in 
the TGA scan can definitely be attributed to H ;0  in the NaX zeolite
Two zeohte/carbon composites could be arranged in tandem, one to preferentially adsorb the 
H ;0  and one to preferentially adsorb CO,. Both water vapour and C 02 are considered 
GHG’s and so the zeolites natural hydrophiUt)^ can be used to advantage in the adsorption of 
botli. It is possible tliat water vapour will not be detrimental to the adsorption properties of 
zeolite NaX/LTA and composite materials incorporating these two zeolites. However, there 
is still disagreement on this issue and as the adsorption of both is entirely advantageous a 
material tliat can adsorb and then desorb both at different rates (T^^J would be useful for 
regeneration in-situ.
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Figure 6.1.2 a. TGA profile and b, corresponding MS-RGA profile of CO, and IT^O 
desorption from NaX-LlA/M AST‘‘\a rb o n  composites (mixture of MAS'f‘'VNaX 
and MAST^^'/LTA composites).
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The %wt loss in the composite mixture (Figure 6.12a) is only 16% (as opposed to 13wt% lor 
MASf'^'carbon, 13wt% MAST™/LTA, 20\vt% for LTA(4A), 24wt% for NaX and for 27wt%
for MAST^^VNaX. In the joint composite material the H ,0  is desorbing in a much narrower 
temperature range (between 120 and 220°C), whereas in all the other zeohte/carbon and 
composite combinations the H^O desorbs at a constant rate over a large temperature range 
making it difficult to separate the two molecules in desorption. Different combinations should 
produce different desirable properties and a 3A would be expected to adsorb H^O only, 
leaving the NaX free to adsorb the CO2.
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Figure 6.13a. TGA profile to 100°C and corresponding MS-RGA profile of COg and HjO
desorption from NaX-LTA/MAST^%arbon composites (lOK/min to 373K) indicating the
activity  ^of the sample below 373K
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In the RGA-MS profiles of two zeolite on carbon (MAST™NaX/LTA) composite material 
HjO desorption occurs above 100°C but COg desorbs below 100"C. Therefore below lOO^C 
CO? is desorbed in preference to H?0. Probably because the water is adsorbing on one zeolite 
as it desorbs from the other or the zeolite within the pores o f the carbon is re-adsorbing the 
water as it is released from the carbon.
The HjO level in the inert gas stream (N^) was higher than the CO? level. Hence the baseline 
of HjO starts at a higher level while passing over the sample and in bypass mode.
6.5.0 CONCLUSION OF WORK CARRIED OUT O N  CO  ^ADSORPTION
Carbon and zeolites both adsorb CO^ but zeolite NaX has been shown in numerous 
experimental studies^‘^’*^ ’^ ’^^ °’^ '^  ^to have the best adsorption o f COj for real life applications at 
moderate temperatures (<300°C) and atmospheric pressure. However, despite the U.S. Dept, 
of Energy results of gas adsorption competitive studies carried out at 298K (high and low 
pressures) indicated that water vapour does not affect the adsorption of CO2 by NaX zeolite.^  ^
Most researchers are under the impression that NaX adsorption is affected by water vapour. 
To address these issues and also to make sure that water vapour is adsorbed (as it is also a 
greenhouse gas and responsible for more global warming pollution than CO2) a combination 
of zeolite composites was assessed for ambient temperature pressure adsorption of water 
vapour and CO2 from air. The separation of HjO and CO2 could be important in some 
scientific processes (such as flue gas stream adsorption and desorption) and it is possible a 
tandem arrangement of zeolite/carbon composites could adsorb and desorb all flue gases 
separately (SO,^ , NO,^, CO2 and H 2O vapour).
6.6.0 HYDROXY SODALITE (H-SOD) FORMATION IN  T H E  PORES OF 
CARBONS FROM AN LTA (4A) PRECURSOR.
Hydroxy sodaHte is a naturally occurring material. It is an assembly of sodalite ^-cages but 
contains no pores or channels, only connected windows^^. With a framework stabilized with 
H 2O molecules^^. The sodalite window diameter is ~2.7Â^^(for more information on zeolites 
and sodalite cages refer to Chapter 1 ). Therefore H-SOD zeolite can be an excellent ILO  or 
NH 3 selective zeolite. The kinetic diameter of NH 3 = 2.60Â and H 2O is 2.65Â.^^
The use of hydroxy sodalite as a water selective material has been proposed by Khajavi et al.^  ^
and the results of their work with H 2O separation using it as a membranes material is provided 
in figure 6.14. Pervaporation experiments performed by the researchers showed reasonable 
water fluxes up to 2.25kg m “h'  ^at 473K
S.H.Jones 236 10/02/2010
D 5 0
O 4 .5
D 4 0
câ 0.35*
O  3 0  i
I
O 2 5
□ 20
2.50
2,00
1.50
O o o
o o o
o o
0 0 0 0 0
eo 120 180
t (min)
240 300
0.50
0.00
SCO 320 34-0 360 380 400 420 440 460 4BO
b. .
Figure 6.14.a Stabilization curve of H^O flux through H-SOD membrane. Dark circles 363K 
and Hght circles 323K, both at 6bar pressure and b. Temperature dependence of water flux (T
303-473iq at = 0.6-1.2MPa, P^^^ = l.OMPa '^- '^"
dhe membranes synthesised by the reasearchers^^ were then used in various dewatering 
organic alcohol/water systems. The researchers concluded that the water to alcohol selectivity 
of the membrane is well above a million and the membrane shows remarkable thermal and 
mechanical stability under continuous operation (125h). These properties make hydroxy 
sodalite a suitable candidate in applications carried out at elevated temperatures and pressures, 
where vety liigh water separation factors are required e.g. Fischer Tropsch and condensation 
reactions.
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6.6.1. Experimental work to produce Hydroxy Sodalite (H-SOD)
During synthesis of LTA zeolite in the pores of carbon the researcher of this thesis substituted 
colloidal silica for Na metasilicate and proceeded to synthesis carbon/LTA composites by a 5 
week (large crystal) synthesis method. AT the SEM characterisation stage it was noticed that 
the zeolite formed in the carbon pores did not have the LTA morphology but instead the H- 
SOD morphology. However, the zeolite formed in the external solution and on the outside of 
the carbon had the LTA morphology expected. The SEM’s are provided in Figures 6.15-6.16.
6.6.2. Hydroxy Sodalite formed in the pores of Pine carbon
Figure 6.15 H-SOD zeolite formed in the pores of pine carbon; LTA would be found in the
external fluid.
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6.6.3 Hydroxy sodalite formed in the pores of rattan carbon
10pm ' 8pm '
Figure 6.16 II-SOD zeolite formed in the pores of Rattan carbon
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6.6.4 Hydroxy sodalite in the pores of MAST™ carbon
Figure 6.17 H-SOD zeolite formed in the pores of MAST carbon, H-SOD has been shown to
adsorb NH 3 and H?0
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6.7.0 CONCLU SION
As is shown unconditioned NaX zeolite does not desorb COg below 633K. The 
MAST™Carbon does desorb CO? but preferentially desorbs H ?0 below 373K. A composite 
of LTA-Carbon desorbs CO2 in preference to H?0 at higher temperatures (448K) but desorbs 
both HjO and CO2 below 373K. NaX—Carbon composites release both simultaneously. 
From an initial analysis it appears that it is only by combining the composites of NaX-Carbon 
and LTA-Carbon in succession that CO2 and H 2O are desorbed at different rates. It is 
possible that as the Carbon and LTA zeolite desorb CO2 and H 2O simultaneously the H2O is 
readsorbed by the NaX zeolite and so CO2 alone is desorbed/produced below 373K when 
these 3 materials are combined. Therefore zeolites (in the pores of carbon) can be regenerated 
by electrical resistive heating of the carbon to 373K to release the CO2 without release of H 2O. 
According to the RGA scans the carbon plays a big part in the adsorption of CO2 on 
unconditioned zeolite/carbon composite monoliths. But, there is reason to believe that the 
dynamics would be different on conditioned zeolite/composite materials.
Extra funding for research could allow us to develop a much better CO2 adsorbing/ desorbing 
material. A HjO adsorbing zeolite such as 3A or H-SOD with cages/cavities too small to 
adsorb COg could be used with a CO2 adsorbing zeolite to produce two zeolite phase in pore 
carbon composite materials or zeolite-carbon composites monoliths whereby half of the 
monolith contains a H2O adsorbing zeolite of type 3A, H-SOD etc. and the other half 
containing a CO2 adsorbing zeolite within/on one monolith.
Many other zeolite composite combinations can be assessed to find the optimum combination 
of materials.
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CHAPTER 7 
CONCLUSIONS
7.0.0 PREPARATIONS
Previous studies have stressed the importance of modifying the carbon, in carbon/zeolite 
materials, in order to increase the number of surface functional groups that might be essential 
for zeolite growth. The presence of acidic surface groups (such as carbonyl, carboxyl, 
phenolic, hydroxyl, lactone and quinine groups) is thought to favour the anchoring o f the 
zeolite synthesis gel on the carbon support before crystallite formation. However, the present 
work suggests that growing LTA and NaX zeolite within the macro-pores of carbons requires 
no modification of the carbon host as the crystals are grown as discreet crystals within the 
pores, rather than as a film on the carbon substrate. This lack of modification is advantageous 
because the carbon retains greater mechanical strength. Furthermore, this approach ensures 
that chemical modifiers do not promote detrimental side reactions. In addition, such 
modifications might have increased production time and cost. Carbons are produced and 
activated in many different ways and this may be a factor in determining whether surface 
modification is required. Others have explored carbon-based composites and catalysts and 
seen the importance of preparative conditions on the zeolite loading achieved. It may well be 
that the carbon (natural and synthetic), properties (chemical and textural) and pre-treatment of 
the carbon host are critical in defining the type and extent of carbon/zeolite composite 
formed. For instance, the rattan carbon used in this work formed a zeolite film or layer in 
some of the more fibrous channels and this carbon also indicated the highest level of metal 
impurities o f those carbons assessed (willow, pine, rattan and MAST^*). However, no zeolite 
growth was seen on the smooth surfaces despite the fact that metal impurities were also 
indicated in some of the smoother rattan channels and the pine carbon.
7.1.0 CARBON/NAX COMPOSITES
NaX crystals grew on the walls of the larger rattan pores apparently using the fibres o f the 
rattan carbon as anchors. SEM-EDX indicated a lack of NaX zeolite crystals on the smoother
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rattan channels walls and within the pine carbon channels indicating that the zeolite did not 
integrate well with the pine carbon in this region, perhaps due to the smooth carbon texture 
and lack o f anchorage sites. Despite this lack of visible results, XRD and residue analysis did 
indicate the presence of NaX zeolite crystals within the pine substrate, suggesting that perhaps 
nanocrystals of zeolite are formed in some of the smaller (and so not visible in SEM) pine 
carbon pores, as suggested by Ozaki (see reference 24, Chapter 3). The morphology o f the 
carbon substrate and its ability to provide anchorage to /o r encase the zeolite crystals does 
appear to improve the zeolite loading on carbons significantly. It is possible that chemical 
modification of carbons using add/base is not just a method o f increasing the number of 
functional groups but also a method of ‘roughening’ the carbon surface to allow better 
adhesion of the zeolite precursor solution/subsequent crystals formed. Modification is 
therefore entirely unnecessary in some carbons (such as rattan) that already contain anchoring 
sites. MAST™carbon is made up predominantly o f micropores (0.8nm) inaccessible to the 
NaX crystals, but macro/mesoporous spaces in the precursor resin are engineered to allow 
fluid transport to the micropores and these also allow hydrothermal gel transport into the 
monolith. Once inside, crystals formed were ‘trapped’ within the pores so anchoring sites are 
not so important in this type of carbon. SEM-EDX performed on the natural carbons used in 
this study, and their NaX composites, suggest that metal ‘impurities’ naturally present in the 
materials are problematic and increase the chance of producing zeolitic materials different 
from those required. However, use of natural materials is environmentally advantageous and 
experts in the field of natural material growth and carbonisation may be able to use the metals 
naturally present in these carbons to their advantage, if the level and distribution of these 
metals can be forecast and controlled. It is possible that unusual and exciting natural 
carbon/zeolite composites can be produced with knowledge o f the growth conditions within 
the carbon and estimation of the level and type of metals required in the final product.
It is clear that the zeolite crystals are formed within 14h at 358K (not 3-5 weeks). However, 
hydrothermal synthesis methods (1 to 5 week) did successfully produce strong layers o f NaX 
crystals onto the carbon substrates, as well as in the carbon pores. Loadings of NaX zeolite on 
the substrate could be increased, almost 300% (3.3%-9.6%), by increasing the soaking time of 
the substrates in the precursor solutions. If an even higher NaX loading is required (i.e. 28- 
44% (NaX on MAST™ substrate) this could be achieved by increasing the time the substrate 
rests in the synthesis solution and allowing the zeolite to deposit/dry on the substrate as a 
layer/film. Such a layer is strongly attached once dried (i.e. it is not easily manually removed).
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However, extending the synthesis time could of course produce a different zeolite inside the 
substrate channels to that produced in the external liquor, since crystallization of the zeolite 
appears to continue within the carbon pores long after crystallization is arrested in the external 
solution. XRD and “^ Si MAS-NMR analysis indicated that at the start of the synthesis process 
(i.e. within the first 14h), the rate of NaX zeolite synthesis within the carbons is slightly slower 
than in the external liquor. It is concluded that pressure within the substrate pores, though 
initially slow to build up, continues to rise after it is alleviated within the external solution, 
(noted by the hydrothermal pot expansion), causing a phase change in the crystals within the 
carbons, but not to the crystals in the external solution.
Calcination of the carbon/zeolite composites produces a zeolite-only structure that is a replica 
of the gasified carbon substrate. Although fragility is currently an issue, there is scope to use 
these zeolite-only structures in their own right, with further work to increase their cohesion 
and strength.
7.2.0 MECHANISM OF CARBON/ZEOLITE COMPOSITE SYNTHESIS
Within the MAST™carbon substrate SEM micrographs suggested that the LTA and NaX 
zeolites were formed as discreet crystals. The crystals being securely held in place within the 
macropores by their crystal size preventing exit from the structure. However, within the rattan 
carbon substrate there were regions along the fibrous channels where SEM micrographs 
suggested that the zeolite had not formed as discreet crystals but were grown/formed as part 
of the channel wall. The surface of the natural rattan carbon clearly contains elements other 
than carbon and oxygen as impurities and in a high pH NaOH aqueous solution containing 
NaAlOg and Na^SiO; it is likely that there is partial dissolution and the metallic impurities such 
as Si, A1 and Fe are incorporated into the framework of the zeolite being formed. While the 
impurities Ca^  ^ and are possibly incorporated into the zeolite structure in place of the Na^ 
as extra framework cations as the zeolite crystals are formed.
7.3.0 N H 3 ADSORPTION
Consider now the evidence on the adsorptive properties of zeolite alone. Zeolites are difficult 
to compare, because of use of templating agents, levels of template removal, differing Si/Al 
ratios, types of cation and cation/Al ratios; all play a part in the acidity of the zeolite.
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Therefore, their ability to adsorb ammonia (and other basic molecules) will vary. The NaX 
zeolite in MAST™/NaX (TMAH) composite adsorbed NH 3  only 40% as extensively as the 
NaX zeolite in the non-templated (no TMAH) MAST™/NaX composite (i.e. 7mmol/g(NaX) 
for MAST™/NaX(TMAH) with 50kJ/mol and T„„^  368, 402K compared to 
17mmol/g(NaX) for MAST™/NaX (no TMAH) (E, 62kJ/mol, T,.^ 351, 480K)). This could 
be due to increased fluid transport throughout the non-templated carbon/zeolite composite 
where there is less pore blocking by TMAH molecules or increased diffusion throughout the 
zeolite due to nano-sized zeolite crystals grown within the smaller carbon pores. TMAH in the 
precursor solution may even prevent the solution reaching some of the smaller pores. The 
present work supports the recommendation that no organics requiring high temperature 
removal should be used in the synthesis of zeolites LTA and FAU. However, the use of 
TMAH can be useful in the adsorption of some other molecules. Noack (see reference 23, 
Chapter 4) is also an advocate o f well conditioned zeolites and states they should be dried in 
vacuum or under a ‘dried’ inert gas stream at 733K for 12h+. Experts in the field of zeolites 
know already the importance of pre-conditioning zeolites to remove water molecules before 
the zeolite properties can be fully utilized. However, this research suggests that humidity plays 
an even larger part in the adsorption kinetics than was previously considered, as optimum 
drying of zeolites increases adsorbency immensely but over-drying (removal of the last 3%) is 
likely to cause the zeolite structure to collapse. N H 3 also has an affinity with water through 
hydrogen bonding and the amount o f water in LTA and NaX zeolites after drying in air at 
373K is on average around 25 wt% (based on TGA data). Therefore the kinetics involved 
when NH 3 , HjO and zeolites are combined is likely to be extremely complicated. Acidity 
appears to be dramatically reduced when water is sorbed onto the zeolite. It is possible to 
‘acidify’ a zeolite (i.e. ion exchange the Na^ with H^ to form H^LTA or H'^K) by repeated 
washing with D.L water. Therefore, in a humid condition the Na^ may be in a semi-mobile 
state, reducing acidity in the larger cavities. For instance, Na^ and H^O in the zeolites cavities 
may form H^ and NaOH. Thus giving a general alkalinity to the larger zeolitic free water 
pores perhaps preventing the adsorption of basic molecules such as NH 3 to some extent (since 
the N H 3 molecules need to move through the larger cages to diffuse into the smaller/sodalite 
cages). The experimental work within this thesis highlights some interesting TPD N H 3 
phenomenon connected to the water content of the zeolite and composite materials. As 
stated, total removal of the water from a zeolite could lead to zeolite structure collapse but 
removal of almost all the water within the zeolite structure gives adsorption performance 
almost four times greater than expected (5mmoles/g for a 2h outgas to 19mmol/g for a 10h+
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outgas at the same temperature on the same sample). This bodes well for zeolites in the pores 
of carbon as they can be electrically heated in situ to release the moisture from the zeolite held 
in the carbon pores. Moreover, such intense pre-conditioning (10h+) was found to be less 
important when the zeolite was contained in the carbon pores and a composite of 
MAST™/NaX (containing 22% Na5Q adsorbed 3.7mmol/g NH 3 so the NaX zeolite adsorbs 
16.8mmol/g when supported on a carbon substrate after a 3h outgas compared to 
18.6mmol/g unsupported NaX after a lOh outgas. Diffusion pathways in the composite 
materials should also be shorter as it is possible that nano-crystalline zeolites have formed in 
the smaller pores of the carbon. MAST™/NaX composites have been shown to readily 
adsorb HFC-134a and the results obtained by MAST™carbon and IGA analysis support the 
results obtained on the MS-RGA.
7.3.1 Critical data for N H 3 adsorption
Table 7.1 gives critical data for present samples in terms of N H 3 TPD. In summary, it is clear 
that on a unit weight basis NaX adsorbs/desorbs more NHj than C, but that NaX in the 
MAST™/NaX(no TMAH) composite adsorbs/desorbs a similar amount of N H 3  to NaX 
alone. This must mean that the NaX within the C is accessible and for a basic molecular probe 
is similar to the NaX prepared traditionally. This is promising.
Table 7.1 N H 3 TPD
Sample B^ET / S) pm ol/g T _ ( K ) Ea (kj/m ol) T _ (K )  H , 0
NaX (lOh) 846 18620 393-420 61 550
NaX 2"^  after TPD 846 15050 420 53 550
M AST/NaX (22% NaX) 507 3696
(16818)
351-480 62 550
MAST/NaX(TMAH)
(28%Na]q
523 1583
(5654)
360-420 78 500
MAST/NaX(TMAH) 
2"'^  after TPD
523 1859
(6639)
368-402 50 500
MAST 535 292 322 80 322
( ) bracketed data is per g NaX
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7.4.0 HFC-134a ADSORPTION
The NaX zeolite incorporating TMAH in the synthesis solution was shown to be >35% more 
effective at adsorbing HFC-134a, than the NaX synthesised without the templating agent 
TMAH. Zeolite NaX synthesised without TMAH adsorbed 1195pmol/g (E  ^140kJ/mol; T„„ 
348IQ whereas MAST™/NaX (TMAH) composite adsorbed 1632pmol/g (Na2Q (E^  
lOOkJ/mol; T^^ 358K). In support of this theory, increased adsorption of HFC-134a 
(1767pmol/g) was also shown on zeolite NaX (TMAH) synthesised in free solution (i.e. in the 
external liquor external to the carbon pores). Curiously, the zeolite formed in the 
macropores/channels of the rattan carbon, adsorbed HFC-134a only half as well as in its pure 
state (rattan/zeolite composite adsorbed 515pmol/g zeolite (E  ^ 37kJ/mol; T„,„ 335K). The 
reader should be aware though that the zeolite formed within the pores o f the rattan carbon is 
not necessarily NaX, but may be a combination of zeolites due to the metal impurities within 
the rattan carbon. There is also a possibility that fluid transport is slower in the rattan carbon 
as pore connectivity is somewhat reduced (except in the very large channel regions). The 
rattan carbon, contains Ca, Al, Si, K  and Fe (amongst other elements) and so Lewis acidity 
within the substrate material could be a factor in the lack of adsorption of HFC-134a on the 
rattan/NaX composite. With only a 7% decrease in adsorption capacity, there is no significant 
pore blocking or diffusion control noticed between the NaX (TMAH) supported on 
MAST™carbon monolith (1632pmol HFC-134a /g  NaX) and unsupported NaX(TMAH) 
(1767pmol HFC-134a /g  NaX).
7.4.1 Critical data for HFC-134a adsorption
Table 7.2 gives critical data for HFC-134a adsorption-desorption on present samples. In 
summary it is dear that on a unit weight basis MAST/NaX(TMAFQ adsorbs-desorbs more 
HFC-134a than NaX(no TMAH) (and much more than the C substrate alone). This is 
intriguing and promising.
Table 7.2 HFC-134a TPD
Sample SfiET ( ^  /§) pmol/g* T _ ,( iq E, (kJ/mol) Tmax(iq H^O
NaX (lOh) 846 1195 348 140 >375
MAST/NaX(TMAH) (28% NaX) 523 457 (1632) 358 100 >410
Carbonised MAST 535 7.7 330-350 145 340
* at 298K and p/p„ — 0.30 activated MAST^^carbon showed a 17% increase, which was lower 
than with MAST^VNaX (i.e. 19.5%wt increase). ( ) bracketed data is per g NaX
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7.5.0 CO2 ADSORPTION
Carbon and zeolites both adsorb COj. but zeolite NaX has been shown in numerous 
experimental studies to have the best adsorption of CO 2  for real life applications at moderate 
temperatures (<573K) and atmospheric pressure. However, despite the U.S. Dept, o f Energy 
results of gas adsorption competitive studies carried out at 298K (high and low pressures) 
indicated that water vapour does not affect the adsorption of COg by NaX zeolite. Most 
researchers are under the impression that NaX adsorption is affected by water vapour. To 
address these issues and also to make sure that water vapour is adsorbed (as it is also a 
greenhouse gas and responsible for more global warming pollution than CO2) a combination 
of zeolite composites was assessed for ambient temperature pressure adsorption of water 
vapour and CO 2  from air. In the preliminary experimental work performed to assess CO 2  
adsorption, unconditioned NaX zeolite does not appear to desorb CO 2  below 633K. The 
MAST^^carbon did (in this work) desorb CO 2  but preferentially desorbed H ?0 below 373K. 
A composite of LTA-Carbon desorbed CO; in preference to H ;0  at higher temperatures 
(448K) but desorbed both H ;0  and CO; below 373K. NaX—Carbon composites release both 
simultaneously. From an initial analysis it appeared that it is only by combining the composites 
of NaX-Carbon and LTA-Carbon in succession that CO; and H ;0  are desorbed at different 
rates. It is possible that as the Carbon and LTA zeolite desorb CO; and H ;0  simultaneously 
the H ;0  is readsorbed by the zeolite and so CO; alone is desorbed/produced below 373K 
(when LTA/NaX and carbon are combined). The separation of H ;0  and CO; could be 
important in some scientific processes (such as flue gas stream adsorption and desorption) and 
it is possible (with further work) a tandem arrangement of zeolite/carbon composites could be 
tailored to adsorb and then TPD at discreet temperatures (separately) all flue gases and/or 
environmental pollutants (such as SO,,, NO,,, CH 4 , CO; and H ;0  vapour) in separation and 
adsorption
7.6.0 OPPORTUNITIES FOR CARBON/ZEOLITE COMPOSITE
If the properties of carbon/zeolite composites can be fine-tuned for specific adsorption 
processes (i.e. the green production of O; enriched air, for efficient combustion, or the care of 
the infirm) then they could have significant economic/societal impacts.
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ABSTRACT
Linde Type A (LTA) zeolite has been successfully grown in the macrostructure of 
carbon substrates by hydrothermal synthesis. Two unmodified carbons (i.e. MAST 
NOVACARB™ monolithic and willow charcoal) have been used. Within such hosts LTA 
crystals grow without blocking the meso or micropores of the carbon substrate and so it is 
expected that fluid transport through the substrate will not be hindered. If the adsorptive 
properties o f the LTA and the carbon remain (or show synergy) then such zeolite/carbon 
composites could be of interest in control o f a wider range of pollutants and toxic agents than 
previously was possible with either the zeolite or the carbon alone. In addition, it may be 
possible to regenerate these composites rapidly by resistive heating using the conductivity of 
the carbon substrate. Interestingly, calcination o f the zeolite/carbon composites produces a 
zeolite structure that is a replica of the now-gasified carbon substrate.
INTRODUCTION
Zeolites and carbons are often used to adsorb and control air and liquid phase 
pollutants and toxic agents. However, there are many instances where one needs to control a 
combination of pollutants and in such fields composites may have advantages over sequential 
beds. These composites could also have advantages in delivery of oxygen-enriched air if  they 
exhibit faster heat and mass transfer to the supported zeolites with lower pressure drops^’ 
Supported zeolites and zeolite membranes are of course already known '^^" ,^ but the advantage 
of a carbon-hosted zeolite composite is that the substrate does not undergo dissolution in the 
zeolite synthesizing solutions^^. Although it does suffer from substrate loss in oxidising 
atmospheres at high temperature, this can be of value in producing zeolite-only membranes on 
gasification o f the carbon. Here the authors have considered the synthesis and properties of 
zeolite/carbon composites with a view to assessing these as a replacement for pelleted zeolites 
(where binders may interfere in an application by blocking p o r e s ) T h e  specific objective o f 
this study was to synthesize and grow LTA zeolite crystals in the macropores and 
macrochannels of an unmodified natural and an unmodified synthetic carbon substrate to 
assess thereby the composite for suitability in control of pollutants that can damage the 
environment and human health.
EXPERIMENTAL
The authors could have introduced pre-prepared zeolite into the polymer precursor 
of synthetic MAST Carbon before carbonisation, but this would not have been applicable to the 
naturally-derived charcoal and could have weakened the MAST Carbon host (as could 
chemical modification of the carbon). It was expected that LTA zeolite c r y s t a l s i n  the 
macrotexture of the carbons would be too large to enter and block the host mesopores and 
m ic ro p o re s w h ic h  (had it occurred) the authors thought would have been detrimental for 
fluid transport.
Supports and their pre-treatment
Two carbon hosts with macro-channels/pores were used without prior chemical 
modification: (i) willow carbon (3cm x 0.5cm diameter; total surface area 24m^g-l; see 
Figure 1) and (ii) MASTCarbon synthetic monolith (diameter 3cm x 0.1cm; 39 cells per cm^; 
total surface area 610m^g'^; see Figure 2). Pre-dried carbon substrates (16h at 373K) were 
used in all experimental work.
Synthesis of LTA zeolite in the carbon pores
LTA zeolite was synthesised using a simple hydrothermal method^^ (although the 
intention is to use sol-gel methods later). The composition of the LTA synthesis solution 
(3.165 NaiO : AI2O3 : 1.926 SiOi : I2 8 H2O) was expected to give
Nai2[(A102)i2(Si02)i2]-27H20^^. First 0.363g of analytical grade NaOH (Fisher) was 
dissolved in 40cm^ of water and into this sodium metasilicate (Fisher, 15.48g) was 
introduced. Second 0.363g of NaOH was dissolved into 40cm^ of water and sodium 
aluminate (Fisher, 8.26g) was introduced. Two syntheses: (i) a sodium aluminate pre­
dipping and (ii) sodium metasilicate pre-dipping were used. The carbon sample was added to 
one of the solutions and then the other solution was introduced to give a thick gel. In a third 
method the carbon was dipped into the pre-formed gel. In each case the sample was 
vigorously shaken for 5-lOmin^^ and then the gel and carbon samples were aged at 373K for 
12h. The carbon was removed, cooled and washed with Idm^ deionised water to pH 9 and 
then dried in an air oven for 16h at 373K.
Characterisation of the materials
LTA/carbon composites were characterised by scanning electron microscopy 
(SEM), X-ray diffraction (XRD) and N2 adsorption at 77K. Specifically the morphology and 
composition of the composites were investigated by SEM (and associated EDX) on a Hitachi 
S-3200N SEM and Oxford Instruments Inca system, with a detection area of lOmm^ and a 
tungsten filament. The SEM EDX was calibrated using a cobalt standard. XRD was 
performed on a PANalytical X ’Pert Pro MPD powder X-Ray diffractometer with 
monochromator. GuKal = 1.5405Â radiation was used to characterise the crystalline phase 
synthesised and scanning range was 5° <20< 60°. Total surface areas and pore volumes were 
estimated from N2 adsorption at 77K using Micromeritics ASAP 2010 instrument.
RESULTS AND DISCUSSION
Willow carbon will have small longitudinal channels derived directly from the 
wood cell structure. Clearly it will also have tranverse and radial permeability (K) in 
channels, but this is expected^^’^  ^ to be very much smaller than in the longitudinal direction 
(Figure la) and thus is much less important in the present preliminary work. Even though 
these tranverse cells are bigger (Figure lb) they cannot be strongly interconnected and are 
not easily filled by precursor solutions. Micrographs of willow carbon (Figure 1) show the 
wood cell structure. It is predominantly made up of 2 regions: the outer region consists of 
small longitudinal channels running parallel to Ihe inner region of transverse structure that 
appears to be of lower density ‘air pockets’. These ‘pockets’ appear to be inaccessible to the 
LTA precursor gel (after hydrothermal treatment this region was shown to be devoid of LTA 
crystals). BET nitrogen adsorption results also suggest fluid transport is limited in this 
transverse material {i.e. surface area was expected to be significantly greater than was found 
experimentally).
* V*^ ï
m m i #
m%
Figurel. (a) willow carbon cut longitudinally (1mm scale); (b) transverse cells (100pm scale)
V .X ,  Av-'a
(c) longitudinal channels (40pm scale); (d) longitudinal (20pm scale)
Figure 1. Micrographs of willow carbon
The structure of the synthetic MASTCarbon monolith comprised of two scales (see Figure 2): the 
visible channel structure of the monolith (a «700 pm^) and the space between the particles that 
make up the walls of the monoliths (b « 8  pm average diameter).
3jÊ£>trar-iv-'
(a) MAST channels (1mm scale); (b) texture of channel walls (20pm scale)
Figure 2. Micrographs of MASTCarbon monolith
Zeolite from Free Solution
SEM and XRD of the LTA zeolite crystals produced from the mixed 
homogeneous solution were undertaken and analysed for morphology (Figure 3a) and 
structure (Figure 3b) respectively. The XRD profile was consistent with that of LTA (01- 
073-2340, Nai2Ali2Sii2O48(H20)2v); indicating that the desired LTA zeolite had been 
synthesised. SEM suggested that its average crystal size was 1 pm.
LTA zeolite s y n th e s is e d
LL JIjlAIxiIULilJJd
35 45 55
2° Theta
Figure 3 (a) Micrograph (8 pm scale) and (b) XRD of LTA synthesised in homogeneous soln.
Zeolite Growth within Carbons
Having confirmed LTA crystallisation from free solutions, the authors now 
considered crystallisation from solutions within the carbons. Zeolite LTA crystals that grew 
in the macropores and macrochannels of the carbon samples are shown in Figure 4 (a,c: 
LTA/willow carbon and b,d: LTA/MASTCarbon). The crystals in both natural and synthetic 
carbon are the same size and shape as those formed from free solution but are smaller (at 
1pm) than the expected 2-3pm^^(Figure 3a). Nonetheless they are of cubic (or 
dodecahedral)'^ morphology as expected from this type of hydrothermal synthesis in free 
solution.
a. b.
c. d.
Figure 4. Micrographs of cubic 1pm LTA crystals grown in (a,c) willow carbon and (b,d) 
MASTCarbon (a,b: 20pm scales; c,d: 8 pm scales)
These LTA crystals aggregated in the carbons did not completely obstruct the channels. Thus 
they are not expected to greatly hinder gas and liquid access to the pores of the carbon host. 
Consider this again in terms of N% adsorption at 77K as described later. Table I. gives the 
EDX-derived elemental composition of the LTA crystals produced in the free solution and 
the two carbons. The Al:Si atomic ratios are as expected of LTA zeolite {i.e. there should be 
equal amounts o f Si and Al) although there appear to be elevated levels o f sodium in some 
areas. Natural willow carbon also contained P, Ca, K and Mg.
Table I. Atom % composition of LTA crystals formed in differenl environments
Free Solution M astC arbon Willow Carbon
Si 3.89 3.62 2.31
Al 4.01 3.79 2.13
Na 5. 27 4.39 2.74
Al/Si expected 1 .0 0 1 .0 0 1 .0 0
Al/Si seen 1.03 1.05 0.92
EDX is only semi-quantitative and some variation in Al:Si ratio across the sample is to
expected. * Commercial 4A showed Al/Si = 0.98
Zeolite content
Gasification o f the composites (pre-dried at 373K for 16h) in air at 873K for lOh 
allowed the wt % of the LTA in the carbon composites to be determined gravimetrically from 
the residues. The LTA content of MASTCarbon sodium aluminate pre-dipped composite 
(5.0±0.72wt%), the sodium metasilicate pre-dipped composite (3.7±0.13'wt%) and the gel 
dipped composite (3.4±0.48wt%) results were close to the results obtained for a gel dipped 
LTA/MASTCarbon composite using TGA (3.2% when heated to above 1073K). Such 
concentrations are good and such loadings bode well for future samples. LTA/willow 
composites were placed in an air furnace at 923K overnight then at 1223K for 8 h. The 
willow pre-dipped in sodium metasilicate (9.8±2.37wt%) and the non-dipped willow 
(7.8±3.15wt% LTA) again had LTA levels close to that of a recently synthesised batch o f 
gel-dipped LTA/willow samples analysed using TGA (i.e. 9.6% when heated to above 
1073K). The LTA loading on willow samples appears to be consistently greater than on 
MASTCarbon. However, there was a variability of wt% loading on the naturally 
inhomogeneous willow carbon e.g. LTA on willow composite samples synthesised in the 
same hydrothermal gel pot was 4.65% to 10.95%. Substrate shape and density also appear to 
play a part in LTA adhesion {i.e. LTA adheres quite strongly to the outer ends of the willow 
carbon (Figure 5a)). While the denser MASTCarbon material is made up predominantly of 
micropores (0.8nm) inaccessible to the LTA gel. The macro and mesoporous sized spaces 
within the precursor resin are specifically engineered to allow for fluid transport to such 
micropores and these also allow hydrothermal gel transport into the monolith (Figure 9b). If 
the transverse texture is not, as assumed here, interconnected then one can understand why 
the LTA gel access is limited to the willow carbon longitudinal region. MASTCarbons can 
be engineered to allow for greater LTA loading (see Figure 5c). Nevertheless the zeolite 
content in these carbons is respectable for practical applications.
Figure 5a. LTA/willow (end) b. LT A/M AST c. LTA/MAST rod (all 1mm scale)
The LTA weight loading on the willow samples (mainly in the longitudinal channels) is 
therefore greater than the MASTCarbon, but its variability is also greater since the willow 
charcoal pores are less homogeneous. The authors feel it is better to await a more detailed 
analysis o f LTA levels in various carbon hosts before attributing differences in LTA loadings 
between MASTCarbon and Willow Carbon based composites to particular carbon 
characteristics (e.g. surface, chemical or textural differences).
Crystalline phase
Powder XRD profiles of carbons and composites are shown in Figure 6 . These 
should be compared with the profile for LTA produced in free solution (see Figure 3b and 
reference (01-073-2340) data). The recipe used in this experiment included only sodium 
(with the Si/Al precursors) so should produce a 4A LTA zeolite. Potassium and calcium 
being larger/smaller than sodium forces the unit cell to expand or contract. This would be 
noticed in XRD as a slight peak shift that could be calculated using the reference cell for 
LTA 01-073-2340. Thus unit cell parameters were of considerable interest with regard to the 
LTA/willow carbon composite (since it was likely the host contained impurities such as K 
and Ca). The LTA/willow composite XRD scan showed peak height differences and extra 
peaks (see Figure 6 d). Therefore in order to verify that the zeolite LTA grown within the 
willow channels was identical to that grown in the MASTCarbon. The unit cell parameters 
were calculated from peaks at approx 7,10,12.5,16,21.6,24,27 and 30 °20. These are shown 
in Table II; clearly these unit cell parameters are similar to the reference unit cell parameters.
Table II. Unit cell dimensions calculated (±0.0001À)
LTA type Unit cell (Â)
LTA/willow 24.575(0 = 0.02)
LTA/MAST Carbon 24.575(0 = 0.02)
Ref. cell 01-073-2340 24.610
Hence XRD of composites indicates that LTA zeolite has been successfully grown in both 
willow and MAST Carbon. However, there is a peak at 38°20 in the LTA/willow composite 
that was absent from the LTA/MASTCarbon composite or a hydrothermally-treated willow 
carbon blank. It must be concluded that the LTA (or precursor) interacts such that there are 
two crystalline phases formed (the expected LTA and a second crystalline phase). The 
authors are in the process of identifying the second crystalline phase. The authors are most 
concerned with developing zeolite/carbon composites, but will in future for completeness 
determine the structure of the residual zeolite replica after carbon gasification, though this 
may change at the carbon gasification temperatures.
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Figure 6 . XRX) of carbons and composites: a) MASTCarbon, b) willow charcoal, 
c) LTA/MASTCarbon and d) LTA/willow charcoal
N] adsorption
Total surface areas ( S b e t )  for the carbon hosts and composites deduced from 
isotherms in Figure 7 are tabulated in Table III, along with selected pore volumes (PV). LTA 
zeolite incorporated into the carbon host was not expected to block pores or be detrimental to 
the carbon functionality in any way. This is because in MASTCarbon most of the surface 
area is due to the micropores (<2nm), which are smaller than the LTA unit cell size 
(~2.4nm); its macropores are mainly useful to facilitate gas and liquid transport to its other 
pores.
2 - h
Sample S b e t  (m '^g PV for pores between 
1.7 and 300nm (cm^g'^)
MASTCarbon 610J 0.019
LTA/MAST 5152 0 .0 2 1
willow 217 0.019
LT A/willow 2L4 1015
Others^^ have applied BET and BJH analysis to N] adsorption data on zeolites at 77K but the 
authors appreciate the limitations of these analyses.
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Figure 7. N% adsorption isotherms at 77K on a) willow charcoal, b) LTA/willow, 
c) MASTCarbon and d) LTA/MASTCarbon (where volume is in cm^ N 2 (STP)/g sample)
The isotherms indicate that the total surface area and the pore volume of MASTCarbon are 
lowered by LTA crystallization, while in willow charcoal nitrogen adsorption is slightly less 
affected by the LTA incorporation (see Figures 7a-d). Interestingly triplicate measurements on 
commercial 4A (sigma M213 5) and the LTA produced in free solution gave Sbet average 
values (after outgassing at 150°C and 250°C) of only O.llm^/g and 6.72m^/g respectively. 
Therefore these are encouraging results that suggest that although LTA zeolite is aggregating in 
the pores and channels it is not blocking them significantly.
FURTHER WORK - ADSORPTIVE AND ION EXCHANGE
Experiments are in progress to assess (i) the ion exchange capacity and (ii) the 
adsorption capacity to both basic, acidic and hydrocarbon pollutants of the LTA zeolite/carbon 
composites described here. For (ii) a rig has been specifically designed to enable the mass flow 
of simple and complex gaseous mixtures to be controlled and assessed simultaneously in terms 
of breakthrough profiles as they pass through the composites. This will allow an assessment of 
these composites in purification of polluted atmospheres and waters, where there may well be 
competitive processes just as there are in the real environmental scenarios. It is expected that 
the LTA zeolite will give problems at high humidity, although this would give an excellent 
opportunity to assess the composites in terms of rapid regeneration using the resistivity of the 
carbon host.
GASIFICATION OF CARBON
Composite gasification was carried out at 873K in air to remove the carbon host and 
in order to quantify the % zeolite within the carbon host. This gasification produced a good 
zeolite replica of the initial MASTCarbon host (see Figure 8 a) proving the zeolite was
evenly distributed throughout the macropores of the precursor carbon substrate. This may be a 
route to unsupported zeolite structures and membranes. The strength of such replicas still needs 
to be assessed and increased if they are to be used alone. The micrographs in Figure 9a,b 
showed that zeolite replica of the sodium aluminate pre-dipped LTA/MASTCarbon composite 
after gasification indicated that much of the replica is indeed LTA zeolite, with some 
amorphous material (possibly unreacted sodium aluminate).
*
Figure 8. a) MastCarbon template and b) zeolite replica. 
A similar effect was seen for all samples tested.
S u m
Figure 9 a) SEM of zeolite replica and b) LTA type crystals within sample Figure 9a (after
C/Au sputtering).
CONCLUSION
Many previous studies^’ have stressed the importance of modifying the carbon 
surface in order to increase the number of surface functional groups that might be essential for 
zeolite growth. The presence o f strongly acidic surface groups is also thought to favour the 
anchoring of the gel on the support before crystal formation^’ However, the present work 
suggests that the growth of LTA zeolite crystals in macrotextured carbons requires no surface 
modification of the carbon host. This is advantageous because it may help carbon maintain 
greater mechanical strength. Furthermore, chemical modifiers may promote side reactions and 
may weaken the binding of the LTA to the carbon support when washed out at a later stage. In 
addition such modifications may also increase production time and cost for the composite. 
Carbons, however, are produced and activated in many different ways and this (as well as the 
type of coating used) may be a factor determining whether surface modification is required. 
Others have explored carbon composites and catalysts^ '^ '^^9,22,23,24 seen the importance
of preparative conditions on the zeolite loading achieved. It may well be that the nature 
(natural and synthetic), properties (chemical and textural) and pre-treatment of the carbon host 
are critical in defining the type and extent of LT A/carbon composite formed. It is hoped that 
future work will reveal this. Interestingly raising the hydrothermal aging time does not appear 
to influence LTA zeolite crystal size (i.e. a hydrothermal synthesis of 2 days (rather than 12 
hours) still produced crystals of 1pm). The hydrothermal route chosen appears successful in 
producing well distributed clusters o f LTA crystals inside the carbon macrotexture. These are 
spread evenly throughout the carbon structure without blocking the micropores of the carbon 
hosts. In summary a novel rapid route to zeolite/carbon composites is reported here. The 
authors soon expect to describe the unusual synergy-driven purification and pollution control 
properties for these elegant materials (and possibly other potential uses o f the zeolite replicas 
o f the carbon templates).
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APPENDIX 2
CARBON SUBSTRATE - RESIDUE TABLES AND ELEMENTAL 
ANALYSIS
1 . MAST™carbon oxidised in laboratory furnaces
2. Pine EDX elemental analysis atomic/wt %
3. Willow EDX elemental analysis atomic/wt %
4. Rattan EDX elemental analysis atomic/wt %
5. MAST™carbon EDX elemental analysis atomic/wt %
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A p p e n d ix  2b . E D X  derived elem ental analysis o f  p in e /N a X  com posite (see Figure 3.17)
Elem ent Weight% Atomic% Elem ent Weight% Atomic% Elem ent Weight% Atomic%
C 28.16 39.85 C K 10.09 15.50 C 64.04 72.56
o 34.67 36.82 O K 45.35 52.31 O 26.70 22.71
Na 7.88 5.82 Na K 26.06 20.92 Na 1.67 0.99
A1 11.48 7.23 A IK 6.89 4.71 A1 3.18 1.60
Si 16.58 10.03 SiK 9.68 6A6 Si 4.37 2 1 2
Sr 1.23 0.24 W M 1.94 0.20 K 0.05 0.02
Totals 100.00 Ratio=1.39 Totals 100.00 R =  1.35 Totals 100.00 Ratio= 1.33
Elem ent Weight% Atomic% Elem ent Weight% Atomic% Elem ent Weight% Atomic%
C 78.34 84.76 C 73.87 82.49 C K 58.52 73.93
O 14.58 11.84 o 14.44 12.10 O K 12.60 11.95
Na 1.61 0.91 Na 1.61 0.94 Na K 0.73 0.48
A1 2.13 1.03 A] 3.32 1.65 A IK 6.24 3.51
Si 3.04 1.41 Si 4.51 2.15 S iK 9.78 5.28
K 0.11 0.04 S 0.37 0.15 S K 2.65 1.25
Sr 0.20 0.03 Ca 1.20 0.40 CaK 9.48 3.59
Totals 100.00 Ratio=1.37 Sr 0.68 0.10 Totals 100.00 Ratio=1.50
Totals 100.00 Ratio= 1.30
Elem ent Weight% Atomic% E lem ent Weight% Atomic% Elem ent Veight% Ltomic%
C 45.54 56.04 C 71.50 78.92 C 63.21 74.80
O 37.43 34.57 O 21.36 17.70 O 18.14 16.12
Na 5.39 3.46 Na 1.51 0.87 Na 2.48 1.54
A1 3.62 1.98 Mg 0.18 0.10 Al 4.29 2.26
Si 6.01 3.16 Al 1.58 0.78 Si 7.64 3.87
P 0.21 0.10 Si 2.14 1.01 P 0.20 0.09
S 0.10 0.05 P 0.21 0.09 S 0.11 0.05
K 1.25 0.47 S 0.31 0.13 K 2.42 0.88
Ca 0.45 0.17 K 0.74 0.25 Ca 0.56 0.20
Totals 100.00 R = 1.60 Ca 0.47 0.15 Cu 0.56 0.12
Total 100.00 R= 1.30 Zn 0.40 0.09
Totals 100.00 R= 1.71
Element Weight% Atomic%
Willow
Element
Carbon
Weight% Atomic% Element Weight% Atomic%
C K 91.81 93.95 C K 92.68 94.61
O K 7.66 5.89 O K 6.85 5.25
K K 0.23 0.07 K K 0.17 0.05
CaK 0.30 0.09 CaK 0.31 0.09
Totals 100.00 Totals 100.00
C K 85.25 89.32
O K 12.45 9.79
N aK 0.10 0.06
M gK 0.10 0.05
AIK 0.18 0.08
S iK 0.59 0.27
P K 0.06 0.03
S K 0.06 0.03
CIK 0.09 0.03
K K 0.59 0.19
CaK 0.43 0.14
FeK 0.10 0.02
Totals 100.00
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C K 93.48 95.22 C K 93.52 95.26 C K 93.52 95.26
O K 6.07 4.65 O K 6.00 4.59 O K 6.00 4.59
K K 0.18 0.06 K K 0.17 0.05 K K 0.17 0.05
CaK 0.27 0.08 CaK 0.32 0.10 CaK 0.32 0.10
Totals 100.00 Totals 100.00 Totals 100.00
W illow charcoal residues from carbon bum  o ff
Element Line W eight% Atomic% Elem ent Line W eight% Atom ic%
C 4.94 8.42 C 5.28 9.09
0 42.69 55.13 0 42.91 54.91
Na 8.44 7.59 N a 11.18 9.96
Mg 11.80 10.03 M g 11.03 9.28
Al 0.24 0.18 Al 0.19 0.14
Si 10.72 7.89 Si 8.50 6.19
P 0.21 0.14 P 0.21 0.14
S 4.47 2.88 S 7.23 4.62
K 6.19 3.27 K 6.68 3.50
Ca 6.19 3.19 Ca 4.88 2.49
Fe 0.40 0.15 Fe 0.25 0.09
Ba 2.14 0.32 Ba 0.93 0.14
W 1.23 0.14 W 1.07 0.12
Totals 100.00 Totals 100.0
W illow Charcoal
Elem ent Line W eight% Atomic%
C 37.96 53.47
0 28.23 29.85
Na 3.80 2.79
Mg 6.60 4.59
Al 0.13 0.08
Si 7.07 4.26
P 0.14 0.08
S 0.69 0.36
K 3.33 1.44
Ca 4.96 2.09
Fe 0.29 0.09
Cu 0.51 0.14
Ba 5.39 0.66
W 0.90 0.08
Totals 100.00
Rattan carbon
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C 92.06 95.15 C 94.15 96.30 C 94.79 96.67
0 4.82 3.74 0 3.92 3.01 0 3.62 2.77
Al 0.44 0.20 Al 0.20 0.09 Al 0.29 0.13
Si 0.55 0.24 Si 0.26 0.11 S 0.40 0.15
P 0.13 0.05 S 0.38 0.14 K 0.43 0.14
S 0.28 0.11 K 0.64 0.20 Ca 0.46 0.14
K 0.79 0.25 Ca 0.44 0.13 Totals 100.00
Ca 0.45 0.14 Totals 100.00
Fe 0.47 0.10
Totals 100.00
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C 94.72 96.57 C 95.01 96.63 C 89.50 94.35
0 3.83 2.93 0 3.94 3.01 0 4.94 3.91
Al 0.13 0.06 Al 0.10 0.05 Al 0.96 0.45
S 0.46 0.18 S 0.26 0.10 S 0.54 0.21
K 0.44 0.14 K 0.41 0.13 K 1.55 0.50
Ca 0.41 0.13 Ca 0.27 0.08 Fe 2.50 0.57
Totals 100.00 Totals 100.00 Totals 100.00
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C 32.15 54.11 C 82.37 88.20 C 87.10 91.81
0 11.71 14.79 0 11.95 9.60 0 8.55 6.76
Mg 0.43 0.36 Mg 0.12 0.07 Si 0.62 0.28
Al 5.29 3:96 Al 0.84 0.40 P 0.24 0.10
Si 16.71 12.03 Si 2.36 1.08 S 0.44 0.18
P 0.50 0.33 P 0.10 0.04 K 1.54 0.50
K 15.57 8.05 S 0.16 0.06 Ca 0.88 0.28
Fe 17.64 6.38 K 1.19 0.39 Br 0.62 0.10
Totals 100.00 Ca 0.13 0.04 Totals 100.00
Fe 0.38 0.09
W 0.40 0.03
Totals 100.00
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C 85.33 90.47 C 81.40 87.64 C 86.67 91.68
0 9.72 7.74 0 12.44 10.06 0 7.26 5.76
Mg 0.14 0.07 Mg 0.14 0.07 Mg 0.17 0.09
Al 0.29 0.14 Al 0.74 0.35 Al 3.50 1.65
Si 0.80 0.36 Si 1.61 0.74 Si 0.10 0.04
P 0.29 0.12 P 0.29 0.12 P 0.12 0.05
S 0.46 0.18 S 0.30 0.12 S 0.25 0.10
K 1.51 0.49 K 1.98 0.66 K 1.45 0.47
Ca 1.12 0.36 Ca 0.38 0.12 Ca 0.48 0.15
Fe 0.35 0.08 Fe 0.43 0.10 Totals 100.00
Totals 100.00 W
Totals
0.29
100.00
0.02
Element Weight% Atomic% Element Weight% Atomic%
C 87.76 92.29 C 86.71 91.54
0 7.83 6.18 0 8.60 6.81
Mg 0.21 0.11 Mg 0.23 0.12
Si 0.12 0.05 Si 0.32 0.15
P 0.24 0.10 P 0.15 0.06
S 0.37 0.15 S 0.42 0.17
K 2.82 0.91 K 2.92 0.95
Ca 0.64 0.20 Ca 0.66 0.21
Totals 100.00 Totals 100.00
exchanged MASTcarbon blank (using HCl)
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C K 92.65 94.50 C K 92.25 94.35 C K 90.95 93.42
O K 7.00 5.36 O K 7.11 5.46 O K 8.19 6.31
AIK 0.11 0.05 SiK 0.14 0.06 M gK 0.09 0.05
Cl K 0.24 0.08 CIK 0.21 0.07 S iK 0.17 0.08
CuK 0.29 0.06 CIK 0.24 0.08
Totals 100.00 CuK 0.20 0.04
Totals 100.00 BrL 0.16 0.02
Totals 100.00
N H / exchanged MASTcarbon blank (NH4NO3)
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
C K 90.58 92.89 C K 90.73 92.96 C K 90.63 92.89
O K 9.11 7.01 O K 9.01 6.93 O K 9.03 6.94
AIK 0.08 0.04 AIK 0.12 0.05 M gK 0.09 0.04
SiK 0.07 0.03 S iK 0.15 0.06 AIK 0.11 0.05
CuK 0.16 0.03 S iK 0.15 0.07
Totals 100.00
Totals 100.00 Totals 100.00
APPENDIX 3
ACIDITY DATA -  BOEHM TITRATION METHOD
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APPENDIX 4
EXCEL CALIBRATION, MS-RGA PROFILE, TPD and E, (when 
available) DATA FOR NH; ADSORPTION ANALYSIS
1. ITLTA (2"‘‘ batch) zeolite
2. MAST™/iT lTA composite
3. Dried LTA zeolite
4. NH4^LTA zeolite
5. MAST™ H+carbon blank
6 . H^LTA zeolite (6h dried)
7. W ashed H^LTA zeolite
8 . LTA readsorbed
9. MAST™ blank (carbonised)
10. NaX composite (4h dried/outgassed)
11. MAST™/NaX composite (22% NaX loading)
12. MAST™/NaX activated carbon composite 9.6% NaX loading
13. MAST™/NaX(TMAH) composite 28% NaX loading
14. Readsorption on MAST™/NaX(TMAH) 28% NaX loading
15. Readsorption on MAST™/NaX activated carbon 9.6% NaX loading
16. NaX zeolite ( 1 Oh+ dried/outgassed)
17. NaX composite (2h dried/outgassed)
18. Readsorbed NaX zeolite
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Sample 9 - Carbonised MAST blank - Code CMASTNH3 Appendix 4:9
Ammonia adsorbed onto carbonised MAST (0.6400g) dried at 733K (6 h)
Calibration Peak area (mg)
Volume cm^ calibration
0 0
1 13.135
2 27.815
3 40.37
4 54.211
5 64.478
gradient m = 
and 0  = 
Breakthrough = 
TPD
13.091 
0.6082 
727 mg 
14.754 mg
If y = mx+c, X = (y-c)/m Total
Breakthrough 
Amount inj. 
Amount ads. 
NH3  ads.
55.48788 cm-"
60 cm^ 
4.512123 cm^ 
0.291878 mmoles/g
y = 13.091x4-0.6082 
= 0.998
Pulse (cm
i.E-07
7.E-07
2.&08
,E-07
5.E-07
NH2
2.E-07
H20 5.&09
1.E-07
O.E+00 Û.E+00
100 150
t(mln)
200 250 300
MAST carbonised 0.3mmoles/g at 6 hr desorption. 
Tmax = 322
m=-Ea/R m =-9627 R = 8.31451 
Ea = 80kJ
-22.65
0.0C322 (f.00322 0.00323 0.00323 0.00324 0.00324 0.00325 O.OC
-22.7
-22.75
^  -22.85
-22.9
-22.95 -
2.0E-10
1.8E-10
1.6E-10
1.4E-10
-  1.2E-10
-  1.0E-10 
T 8 .0 E -1 1  
% 6.0E -11
4.0E-11
2.0E-11
O.OE+00
307 317 347 357
T(K)
Sample 10 - NaX 2nd outgas - Code 02NaXNH3/2NaXNH3
Ammonia adsorbed (0.3961 g) dried at 733K ( 3.5hours)
Appendix 4:10
Calibration Peak area (mg)
Volume cm^ Pre calibra Post calibn Mean
0 0 0 0
1 2.501 3.837 3.169
2 5.773 6 . 6 6 8 6.2205
3 9.059 10.546 9.8025
4 12.081 12.775 12.428
5 15.837 16.335 16.086
gradient m = 3.194
and 0  = -0.0339
Breakthrough -■ 181.703 mg
TPD performet 179.47 mg
If y = mx+c, X = (y-c)/m Total
Breakthrough < 56.89947 cm^
TPD performet 56.20034 cm^
Amount injecte 150 cm^
Injected - breal 93.10053
Therefore amo 3.854362 mmoles
NH3  ads/g 9.73078 mmoles/g % irrev ad
Outgas 2 NaX NH3 run
100 150 200 250 300 350
t (min)
NaX composite 9.7mmoles/g composite at 4hr de m= -Ea/R 
1st Tmax = 331 m =
2nd Tmax = 425 R =
3rd Tmax = 450 Ea =
NH3 on NaX conditioned 4h
18
y = 3.19 4 x - 0,0339 
= 0.9989
16
14
12
10
8
6
4
2
0
2 4
Volume (cm^)
NH3 onto NaX (dried 4hr)
3.E-07
2.E-07 ■
H20
5Ê-I
O.E+00
250 300 400 450 500
Temp(K)
550 600350
-11540 
8.31451 
9.595E+01 96Kj
Üc
8
-18
1/T(K) V In k of NH 3  TPD from 02N aXN H3
0.003325 0.00333 0.003335
-18.15
y = -11540x + 20.27
-18.25 R" = 0.971
0.00334
1 /T (K )
X
T3
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Sample 13 - MAST/NaX 1st run - Code MASTNaXNHS (TMAH)
Ammonia adsorbed onto (0.5450g) dried at 733K (6 +hours)
Appendix 4:13
Calibration Peak area (mg)
Volume cm^ calibration
0 0
1 1.532
2 4.912
3 7.008
4 9.968
5 11.789
gradient m = 2.4671
and 0  = -0.2996
Breakthrough 195 mg
TPD 51 mg
If y = mx+c, X = (y-c)/m Total
Breakthrough 79.16161 cm^
Amount inj. 1 0 0 cm^
Amount ads. 20.83839 cm^
NHg ads/g = 1.582953 mmoles/g
MNaX (TMAH) - calibration
14
y = 2 .4 6 7 1 x -0.2996 
= 0.9925
12
10
8
6
4
2
0
0 1 2 3 654
Volume (cm
MASTNaX1BNH3TPDI.E-07
1.E-071
1.E-07-
!.E -07 -
7 .E -0 7  ■
- - - - N
5 .E -07
—  H20
2.E-08-
O.E+00-
2 .E -07
I.E -0 7  -
-
I 3 5 02 5 0
t(mins)
1 5 0 200 3 0 0 4 0 0
MAST NaX IB 1.58mmoles/g composite at 10+hr desorption (at 28%NaX loading = 5.65mmol/gNaX). 
1st Tmax = 360 m = -9437 m = -Ea/R
2nd Tmax = 394 R = 8.31451 So - Ea = mxR
3rd__________ Tmax=__________420 Ea_=_______ 78464.03 Kj__________78.46403__________________
-2 0 .3  
-2C040G 
-2 0 .5  
- 20.6  
-2 0 .7  
- 20.8 
-2 0 .9  4 
-2 1  
- 21.1 
- 21.2 
-2 1 .3  4 
-2 1 .4
3 1 8 0 .0 0 3 2 0 .0 0 3 2 2 0 .0 0 3 2 4  0 .0 0 3 2 6  0 .0 0 3 2 8 0 .0 0 3 3
y  =  - 9 4 3 6 . 6 x  9 .6 9 3 1  
=  0 . 9 9 5 2
1 /T  (K )
Sample 14 - MAST NaX 2nd ad and desorption - Code MNaXC2ad 
Ammonia adsorbed by 5cm^ pulse injections 
Calibration Peak area (mg)
Appendix 4:14
Volume cm 
0.0 
1.0 
2.0
3 .0
4 .0
 _^0
gradient m = 
and c = 
Breakthrough 
TPD =
calibration
0.0
2 .5
5 .8
1 1 .7  
1 3 .2
1 7 .7
3 .6  
- 0.6
55.5 mg 
45.0 mg
If y = mx+c, X = (y-c)/m Total 
Breakthrough 15.5 cm^
Amount inj. 40.0 cm^
Amount ads. 24.5 cm^
NH3  ads/g mn^  1.9 mmoles/g
Calibration for Readsorbed MASTNaX(TMAH)
20
18 y = 3 .6 0 6 7 x -0.5512 
= 0.983816
14
12
10
8
6
4
2
0
61 2 4 50 3
Volume (cm )
5.E-Ü7
NH3
H20
O.E+G
350300150
NH3 TPD from readsorbed MAST NaX IB
I.E -07
9.E-08
7.E-I 
^  6.E-I 
5.E-I 
4.E-I 
3.E-I 
2.E-I
NH3
H 2 0
O.E+00
290 31 0  330 350 3 70  390 410 430
T(K)
MNaX readsorbed 1.9mmoles/g NHg after TPD to 773K. Therefore 6 .6 mmoles/g on a 28% NaX sample
1st Tmax = 368.0 m=-Ea/R
2nd Tmax = 402.0 m = -6039.0
R= 8.3
Ea = 50211.3 50.2 50kJ
-2 0 .2 ---------
0.0C31
-20 .3  "
0.0C3330.003310.00325 0.00327 0.003290.003230.00321
-20 .4  -
-20 .5  ■
-20.1
X
z -20 .7  -
- 20 .1
-20 .9  - y = -6 0 3 9 X  -  0 .9 9 4 9  
R^ = 0 .9 8 8 1-21
- 21. 1
1/T(K )
NH3 adsorbed onto a range of zeolites 
Sample 15 - NH3 Readsorbed onto MAST NaX CR07- Code RE2MXNH3 
NH3  adsorbed onto MAST NaX Activated (0.3073g) dried at 733K 
Calibration (or Peak area (mg)
Appendix 4; 15
Volume cm^ calibration
0 . 0 0 . 0
1 . 0 2 . 1
3.0 7.7
4.0 1 1 . 8
5.0 14.2
gradient m = 2.9
and 0  = -0.5
Breakthrough 40.5 mg
TPD performe 7.5 mg
If y = mx+c, X = (y-c)/m Total
Breakthrough 14.0 cm^
Amount inject* 30.0 cm^
Amount ads = 16.0 cm^
NH3  ads/g mrr 2 . 2  mmoles/g
16
y = 2 .9241x-0.4619  
R^  = 0.9928
14
12
10
8
6
4
2
0
60 1 52 3 4
Volume (cm
Readsorbed MASTNaX 2nd half
9E-07 
8.E-07 
7.E-07 
6.E-07 
?  5.E-07 
ë  4.E-07s
0 . 3.E-07 
2.E-07 
1.E-07 
O.E+00 :A_
100
t(mln)
-N
-NH
NH2
-NH3
-H20
-N
-NH
NH2
-NH3
-H20
-N
-NH
NH2
-NH3
-H20
-N
-NH
TPD of NH3 from Readsorbed MAST/NaX CR07
3,E-(
3.E-08 -
_  2,E-(
I
Û. . ^ ,
5.E-09 -
300250 350 400 450 500
—  NH
—  NH3 
H20
Temperature (K)
MNaX readsorbed 2.2mmoles/g NH3  after TPD to 693K, 22.5mmoles/g on a 9.6% NaX sample 
Tmax = 340.0 m=-Ea/R m = -7125.0
R = 8.3
Ea = 59.2 kJ
- 2 1 . 1
0 .0 C 3 1 4 0 .0 C 3 2 60.00316 0.00318 0.0032 0.00322 0.00324
- 21.2
-21.3
-2 1 .4
-2 1 .5
- 21.6
y = -7124.7X+ 1.3028 
= 0.9402
-21.7
- 21.8
1 / T  ( K )
Sample 16 - NH3  adsorbed onto NaX blank- Code OINaXNHS 
Ammonia adsorbed on NaX zeolite (0.5281 g) dried at 733K ( 6 hrs) 
Calibration(crr mg
Appendix 4:16
y=mX+C
m=
0 =
0 
2.7 
5.925 
9.834 
14.071 
18.733 
so X= 
3.7625 
-0.8624
(y-c)/m
Breakthrough 197.4465 (cm ) 
Ramp = 222.7727 (cm^)
Total = 420.2192 (cm^)
Loss of 14.78078 (cm^)
Reversible ad; 17.4641 mmoles/g 
Irreversible ad 1.158728 mmoles/g 
Total adsorbe( 18.62283 mmoles/g 
% irreversibly 6.222086 %
in mmoles 
8.174284 
9.222791
0.611924
20
y = 3 .7 6 2 5 X  - 0 .8 6 2 4  
R^ = 0 .9 9 0 8
18
16
1 4
12
10
8
6
4
2
0
2 3
Volume cm^
7.E-07
6.E-07
5.E-07
4.E-07
NH23.6-07
™  2.E-07
—  H20
I.E-07
NIDTPD(HHm «
Tpq
NaX adsorbed 18.6mmoles/g NH3  on the composite after TPD to 733K.
NH3 TPD from NaX (1st desorption) 1/T(K) v In k (NH) 
-6.7
32 0JD033 0.0033 0.0033 0.0033 0.0033 0.0033
- 6.8 -
-6.85 -
y = -7 3 4 6 .5 x +  17.109-7.05
R" = 0.9904
17T(K)
1 st
2 nd
m= -Ea/R 
m =
R =
Ea =
II
1.1
I.E
IE
I.E
IIII II II :iII » II
Tmax = 393
Tmax = 420
-7347
8.31
61082.55 joules 61 Kj
Sample 17 - NH3 adsorbed onto 2nd NaX blank- Code 03N aX N H 3
Ammonia adsorbed NaX zeolite (0.3926g) dried at 733K ( 2hrs)
Appendix 4:17
Calibration (or Peak area (mg)
20
Volume cm^ Pre-cal Post-cal Mean
0 0 0 0 18
1 2 . 1 1 1 3.594 2.8525
16
2 5.075 6.77 5.9225
3 6.722 10.205 8.4635 14
4 11.999 14.036 13.0175
5 15.27 17.151 16.21 12
gradient m = 3.2596 O) 10and 0  = -0.4047 E
Breakthrough 168.074 mg I 8TPD = 109.397 mg
If y = mx+c, X := (y-c)/m 1 6
Breakthrough 51.68692 cm^
TPD area = 33.68564 cm^ 4
Amount injectt 1 0 0 cm^ 2
Irreversible ad 14.62744 cm^
0Total ads. 48.31308 cm^
% irreversibly 30.27636
NH3  ads/g 5.094654 mmoles/g
y = 3.2596X - 0.4047
R" = 0.9932
Pre-cal
Post-cal
Mean
Linear (Mean)
2 3
Volume (cm'*)
Outgass 3 NaX NH3  adsorption file
1.E-06
9.E-07 -
8.E-07
7.E-07
6.E-07 -
S 5.E-07 -
4.E-07 -
5
Û. 3.E-07 -
2.E-07 J
I.E -07 -
O.E+00 M
300
■N
NH
NH2
NH3
•H 20
N
NH
NH2
NH3
H 20
N
NH
NaX adsorbed 5.1 mmoles/g NH3  on the composite after TPD to 733K. m= -Ea/R
Tmax = 336,346,359,373,386,399,414 & 425 m = - 9 4 8 5
8.31451 
7.89E+01 79kJ
Eg from NH3 TPD of 03NaXNH3 sample1507
1.507
8.508
-18.55
0.C03 0.003 0.003 0.003 0.003 0.003 0.C03
-18.6
-18.65 -
H204.508
2.508 
O.E+00
-18.7 -
-18.75
- 9 4 8 4 .8 X +  1 2 .8 1  
R ^ =  0 .9 4 1 6
-18.1
-18.85
1/T(K)
Sample 18 - Readsorbed NaX - Code NaXNH303 
Ammonia adsorbed onto (0.5281 g) dried at 693K 
Calibration Peak area (m g )___
Appendix 4:18
Volume cm' calibration
0
2.808
4.933
8.354
10.473
gradient m = 2.017
and c = 0.4729
Breakthrough 117.487 mg 
TPD performed = mg
If y = mx+c, X = (y-c)/m Total
Breakthrough 
TPD = 
Amount inj. = 
Inj. breakthrou 
amount ads. 
NHg ads/g
58.01393 cm'"
0  cm^
250 cm  ^
191.9861
7.948223 mmoles 
15.0506 mmoles/g
NaXNHSOS calibration
g
12
y = 2.017x + 0.4729 
= 0.9922
10
8
6
4
2
0
2 60 1 3 4 5
Volume (cm )
NaX NH3 2nd adsorption
0.000001 T
0.0000008
^  0.0000006 
-  0.00000045
CL
0.0000002
150 200 250 300 350 400 4500 50 100
t (min)
H
H2
N
NH
NH2
■NH3
•H 20
H
H2
N
NH
NH2
NH3
NaX 15.1 mmoles/g m= -Ea/R 
1st Tmax = 420
m = 
Ea =
-6394 R = 
5.3E+01 53Kj
8.31451
Ki
0
Sôi 3iifi m llji 15013 slili Wü
-20.1
0.0(3320.0(325 0.00326 0.00327 0.003310.00329 0.0033
-20.15
-20.2
-20.25
—  -20.3
-20.35
-20.4
-20.45
y = -6394.3x +0.6953 
R^  = 0.984
-20.5
-20.55
1/T(K)
APPENDIX 5
HFC-134a ADSORPTION DATA INDUSTRIAL SCALE-UP 
BREAKTHROUGH AND MONOLITH REGENERATION 
ASSESSMENT RUNS (performed at MAST™carbon)
1. 0.3% Volume HFC-134a in 45L/min Air
2. 0.3% Volume HFC-134a in 45L/min Air
3. 1% Volume HFC-134a in 18L/min Air
4. 1 % Volume HFC-134a in 18L/min Air
5. 3% Volume RFC-134a in 6 L/min Air
6 . 3% Volume RFC- 134a in 6 L/min Air
7. 5% Volume RFC-134a in 7L/min Air
8 . 5% Volume RFC-134a in 7L/min Air
9. 3% Volume RFC-134a in lOL/min Air
10. 5% Volume RFC-134a in lOL/min Air
A.5
fld 2 0 1  vol% reach 0.05 vol% 4.16
1 0.05 vol% reach 0 . 0 1  vol% 1.83
M (g) 89.07 0 . 2 0 . 0 1  vol% sum 6.60 (-)*min
sum 870.6 ml
6 air 45 1/min sum 0.0356 mol
lin RI 34a 132 ml/min sum 3.631 g
seline capacity 4.077 % g/g
c vol % 0.29 vol % capacity 0.400 mol/kg
(-) (-)*min
0.3 voi% Tin 0.3% TM 0.3% c/c in 1  - c out t* c ads
0 0 0.009 24.4 24.3 0.0015 0.9985
0.25 1.875 0 . 0 1 0 24.4 24.3 0.0018 0.9982 0.24959
0.5 3.75 0.035 24.4 24.7 0.0060 0.9940 0.24903
0.75 5.625 0.041 24.4 25.0 0.0070 0.9930 0.24837
1 7.5 0.054 24.4 25.6 0.0093 0.9907 0.24796
1.25 9.375 0.063 24.4 25.8 0.0108 0.9892 0.24749
1.5 11.25 0.081 24.4 26.2 0.0139 0.9861 0.24691
1.75 13.125 0.091 24.5 26.3 0.0156 0.9844 0.24631
2 15 0.113 24.5 26.4 0.0193 0.9807 0.24563
2.25 16.875 0.126 24.4 26.4 0.0216 0.9784 0.24489
2.5 18.75 0.153 24.4 26.4 0.0261 0.9739 0.24404
2.75 20.625 0.168 24.4 26.4 0.0288 0.9712 0.24314
3 22.5 0 . 2 0 2 24.5 26.4 0.0345 0.9655 0.24209
3.25 24.375 0 . 2 2 1 24.5 26.3 0.0379 0.9621 0.24095
3.5 26.25 0.265 24.5 26.3 0.0452 0.9548 0.23961
3.75 28.125 0.288 24.5 26.3 0.0492 0.9508 0.23820
4 30 0.331 24.5 26.2 0.0566 0.9434 0.23678
4.25 31.875 0.355 24.5 26.2 0.0607 0.9393 0.23534
4.5 33.75 0.409 24.5 26.1 0.0699 0.9301 0.23368
4.75 35.625 0.441 24.5 26.1 0.0753 0.9247 0.23184
5 37.5 0.509 24.5 26.1 0.0871 0.9129 0.22970
5.25 39.375 0.545 24.5 26.0 0.0931 0.9069 0.22748
5.5 41.25 0.619 24.5 26.0 0.1059 0.8941 0.22513
5.75 43.125 0.654 24.5 25.9 0.1119 0.8881 0.22278
6 45 0.719 24.5 25.9 0.1229 0.8771 0.22065
6.25 46.875 0.756 24.5 25.8 0.1293 0.8707 0.21847
6.5 48.75 0.840 24.5 25.8 0.1435 0.8565 0.21590
6.75 50.625 0.881 24.5 25.7 0.1505 0.8495 0.21324
7 52.5 0.971 24.5 25.7 0.1659 0.8341 0.21044
7.25 54.375 1.016 24.5 25.6 0.1737 0.8263 0.20755
4.077 4.205 5.128 5.34
0.971 1.016 0.192 0.218
0.045 0.026
0.128 2.844444 0 . 2 1 2 8.153846
4.159489
-4.159489
5.193231
-5.193231
l/min
1 0.05 vol% reach 0 . 0 1  vol % 1.45
(g) 89.07 0 . 2 0 . 0 1  vol% sum 2 . 2 2  (-)*min
sum 293.3 ml
6 air 45 l/min sum 0 . 0 1 2 0  mol
1 RI 34a 132 ml/min sum 1.223 g
îline capacity 1.373 % g/g
c vol% 0.29 vol % capacity 0.135 mol/kg
(-) {-)*min
0.3 vol% Tin 0.3% TM 0.3% c/c in 1  - c out t* c ads
0 0 0.006 28.6 34.5 0 . 0 0 1 0 0.9990
0.25 1.875 0.006 28.6 34.5 0 . 0 0 1 0 0.9990 0.24974
0.5 3.75 0.023 28.7 34.8 0.0039 0.9961 0.24938
0.75 5.625 0.032 28.7 35.1 0.0054 0.9946 0.24883
1 7.5 0.055 28.8 35.7 0.0094 0.9906 0.24815
1.25 9.375 0.069 28.8 35.9 0.0118 0.9882 0.24735
1.5 11.25 0 . 1 0 2 28.9 36.4 0.0174 0.9826 0.24635
1.75 13.125 0.119 29.0 36.5 0.0204 0.9796 0.24528
2 15 0.155 29.0 36.6 0.0265 0.9735 0.24414
2.25 16.875 0.175 29.1 36.6 0.0300 0.9700 0.24294
2.5 18.75 0 . 2 2 1 29.2 36.6 0.0377 0.9623 0.24153
2.75 20.625 0.246 29.2 36.6 0.0421 0.9579 0.24002
3 22.5 0.304 29.3 36.5 0.0519 0.9481 0.23824
3.25 24.375 0.335 29.3 36.5 0.0572 0.9428 0.23636
3.5 26.25 0.404 29.5 36.5 0.0691 0.9309 0.23421
3.75 28.125 0.443 29.5 36.4 0.0757 0.9243 0.23190
4 30 0.523 29.6 36.3 0.0894 0.9106 0.22936
4.25 31.875 0.568 29.7 36.3 0.0970 0.9030 0.22669
4.5 33.75 0.660 29.7 36.2 0.1128 0.8872 0.22376
4.75 35.625 0.710 29.8 36.2 0.1213 0.8787 0.22073
5 37.5 0.812 29.9 36.1 0.1388 0.8612 0.21749
5.25 39.375 0.865 29.9 36.0 0.1479 0.8521 0.21417
5.5 41.25 0.903 27.2 36.2 0.1543 0.8457 0 . 2 1 2 2 2
5.75 43.125 0.958 27.3 36.1 0.1637 0.8363 0.21024
6 45 1.075 27.5 36.0 0.1837 0.8163 0.20657
6.25 46.875 1.138 27.6 35.9 0.1946 0.8054 0.20271
3.337
0.958
3.465
1.075
1.373
0.175
1.523
0.221
0.117
0.128 1.094017
3.382949
-3.382949
0.046
0.15 3.26087
1.454522
-1.454522
air
R134a
c vol%
18 l/min 
183 ml/min
1 . 0 1  vol %
reach 0.01 voI% 3.69
sum 6.19 (-)*min
sum 1132.3 ml
sum 0.0463 mol
sum 4.723 g
capacity 5.302 % g/g
capacity 0.520 mol/kg
(-) (-)*min
1 vol% C Tin 1% TM 1% c/c in 1 - c out t* c ads
0 0 0.00155 35.1 36.2 0 . 0 0 0 1 0.9999
0.25 0.75 0.0015 35.1 36.2 0 . 0 0 0 1 0.9999 0.24998
0.5 1.5 0.0018 35.1 36.9 0 . 0 0 0 1 0.9999 0.24998
0.75 2.25 0.00505 35.1 37.3 0.0003 0.9997 0.24996
1 3 0.0139 35.1 38.0 0.0007 0.9993 0.24988
1.25 3.75 0.0167 35.1 38.4 0.0008 0.9992 0.24981
1.5 4.5 0.01975 35.15 39.2 0 . 0 0 1 0 0.9990 0.24977
1.75 5.25 0.02115 35.15 39.6 0 . 0 0 1 1 0.9989 0.24975
2 6 0.024 35.15 40.4 0 . 0 0 1 2 0.9988 0.24972
2.25 6.75 0.02585 35.15 40.7 0.0013 0.9987 0.24969
2.5 7.5 0.03215 35.15 41.3 0.0016 0.9984 0.24964
2.75 8.25 0.03705 35.15 41.4 0.0018 0.9982 0.24957
3 9 0.05175 35.15 41.8 0.0026 0.9974 0.24945
3.25 9.75 0.0618 35.15 41.9 0.0031 0.9969 0.24929
3.5 . 10.5 0.0878 35.15 42.1 0.0044 0.9956 0.24907
3.75 11.25 0.1059 35.15 42.2 0.0053 0.9947 0.24880
4 1 2 0.1517 35.15 42.2 0.0075 0.9925 0.24840
4.25 12.75 0.1811 35.15 42.3 0.0090 0.9910 0.24793
4.5 13.5 0.2512 35.15 42.3 0.0125 0.9875 0.24732
4.75 14.25 0.2926 35.15 42.3 0.0145 0.9855 0.24662
5 15 0.402 35.15 42.4 0 . 0 2 0 0 0.9800 0.24569
5.25 15.75 0.4707 35.15 42.3 0.0234 0.9766 0.24458
5.5 16.5 0.62675 35.15 42.3 0.0311 0.9689 0.24318
5.75 17.25 0.71835 35.15 42.3 0.0357 0.9643 0.24165
6 18 0.90665 35.15 42.2 0.0450 0.9550 0.23991
6.25 18.75 1.0164 35.15 42.2 0.0505 0.9495 0.23806
6.5 19.5 1.3096 34.8 41.9 0.0651 0.9349 0.23556
6.75 20.25 1.4672 34.8 41.9 0.0729 0.9271 0.23276
7 2 1 1.7672 34.8 41.7 0.0878 0.9122 0.22991
7.25 21.75 1.9266 34.9 41.7 0.0957 0.9043 0.22706
7.5 22.5 2.2821 34.9 41.5 0.1134 0 . 8 8 6 6 0.22386
7.75 23.25 2.4695 34.9 41.4 0.1227 0.8773 0.22049
8 24 2.8492 34.8 41.3 0.1415 0.8585 0.21697
8.25 24.75 3.0341 34.9 41.2 0.1507 0.8493 0.21346
8.5 25.5 3.418 34.9 41.0 0.1698 0.8302 0.20993
8.75 26.25 3.5959 34.9 40.9 0.1786 0.8214 0.20644
9 27 4.012 34.9 40.7 0.1993 0.8007 0.20275
9.25 27.75 4.1841 34.9 40.6 0.2079 0.7921 0.19910
reach 0.05 vol% 
reach 0 . 0 1  vol% 
sum 
sum
7.33
5.19
5.98 (-)*min 
1095.1 ml
air 18 l/min sum 0.0448 mol
R134a 183 ml/min sum 4.567 g
capacity 5.128 % g/g
c vol% 1 . 0 1  vol % capacity 0.503 mol/kg
(■) (-)*min
1 vol% C Tin 1% TM 1% c/c in 1  - c out t* c ads
0 0 0.01495 19.8 23.5 0.0007 0.9993
0.25 0.75 0.01495 19.85 23.6 0.0007 0.9993 0.24981
0.5 1.5 0.015 19.95 24.3 0.0007 0.9993 0.24981
0.75 2.25 0.0186 2 0 24.7 0.0009 0.9991 0.24979
1 3 0.02605 20.05 25.5 0.0013 0.9987 0.24972
1.25 3.75 0.0275 20.15 25.9 0.0014 0.9986 0.24967
1.5 4.5 0.02885 2 0 . 2 26.7 0.0014 0.9986 0.24965
1.75 5.25 0.02925 20.25 27.1 0.0015 0.9985 0.24964
2 6 0.02995 20.35 28.0 0.0015 0.9985 0.24963
2.25 6.75 0.03035 20.35 28.3 0.0015 0.9985 0.24963
2.5 7.5 0.03125 20.45 29.1 0.0016 0.9984 0.24962
2.75 8.25 0.03215 20.5 29.4 0.0016 0.9984 0.24961
3 9 0.03435 2 0 . 6 29.9 0.0017 0.9983 0.24959
3.25 9.75 0.03585 2 0 . 6 30.1 0.0018 0.9982 0.24956
3.5 10.5 0.03985 20.7 30.3 0 . 0 0 2 0 0.9980 0.24953
3.75 11.25 0.0427 20.75 30.4 0 . 0 0 2 1 0.9979 0.24949
4 1 2 0.05025 2 0 . 8 30.5 0.0025 0.9975 0.24942
4.25 12.75 0.0549 20.9 30.5 0.0027 0.9973 0.24935
4.5 13.5 0.06675 20.95 30.5 0.0033 0.9967 0.24924
4.75 14.25 0.07445 2 1 30.5 0.0037 0.9963 0.24912
5 15 0.09325 21.05 30.4 0.0046 0.9954 0.24896
5.25 15.75 0.10515 2 1 . 1 30.4 0.0052 0.9948 0.24877
5.5 16.5 0.1339 21.15 30.4 0.0067 0.9933 0.24852
5.75 17.25 0.1509 21.25 30.3 0.0075 0.9925 0.24823
6 18 0.1923 21.3 30.3 0.0096 0.9904 0.24787
6.25 18.75 0.21785 21.3 30.2 0.0108 0.9892 0.24745
6.5 19.5 0.2733 21.4 30.1 0.0136 0.9864 0.24695
6.75 20.25 0.3085 21.4 30.1 0.0153 0.9847 0.24639
7 2 1 0.3852 21.5 30.0 0.0191 0.9809 0.24569
7.25 21.75 0.4311 21.5 29.9 ,0.0214 0.9786 0.24493
7.5 22.5 0.53725 2 1 . 6 29.8 0.0267 0.9733 0.24399
7.75 23.25 0.5877 21.65 29.7 0.0292 0.9708 0.24301
8 24 0.7196 21.7 29.5 0.0357 0.9643 0.24188
8.25 24.75 0.79505 21.7 29.4 0.0395 0.9605 0.24059
8.5 25.5 0.95385 2 1 . 8 29.3 0.0474 0.9526 0.23914
8.75 26.25 1.04395 2 1 . 8 29.2 0.0519 0.9481 0.23759
9 27 1.23675 21.9 29.0 0.0614 0.9386 0.23584
9.25 27.75 1.3407 21.9 28.9 0.0666 0.9334 0.23399
9.5 28.5 1.56065 2 2 28.7 0.0775 0.9225 0.23198
9.75 29.25 1.6838 2 2 28.6 0.0837 0.9163 0.22985
1 0 30 1.94465 22.05 28.5 0.0966 0.9034 0.22747
10.25 30.75 2.06925 2 2 . 1 28.4 0.1028 0.8972 0.22507
10.5 31.5 2.34195 2 2 . 1 28.2 0.1163 0.8837 0.22261
10.75 32.25 2.47845 2 2 . 2 28.1 0.1231 0.8769 0.22007
1 1 33 2.7641 2 2 . 2 27.9 0.1373 0.8627 0.21744
11.25 33.75 2.91265 22.25 27.9 0.1447 0.8553 0.21475
air
R134a 
c vol%
0 0
6  l/min 
183 ml/min
2.96 vol %
3 vol% Tin 3% TM 3% 
0.03 20.7 21.9
reach 0.05 vol% 11.41 
reach 0.01 vol% 8.95 
sum 10.49 (-)*min • 
sum 1920.0 ml 
sum 0.0785 mol 
sum 8.008 g 
capacity 8.990 % g/g 
capacity 0.881 mol/kg 
(-) (-)*min 
c/c in 1  - c out t* c ads 
0.0005 0.9995
0.25 0.25 0.03 2 0 . 8 21.9 0.0005 0.9995 0.24988
0.5 0.5 0.03 2 1 . 0 2 2 . 1 0.0005 0.9995 0.24988
0.75 0.75 0.03 2 1 . 0 2 2 . 2 0.0005 0.9995 0.24988
1 1 0.03 2 1 . 1 23.1 0.0005 0.9995 0.24988
1.25 1.25 0.03 2 1 . 2 23.7 0.0005 0.9995 0.24988
1.5 1.5 0.03 21.3 24.9 0.0005 0.9995 0.24988
1.75 1.75 0.03 21.4 25.4 0.0005 0.9995 0.24988
2 2 0.03 21.5 26.1 0.0005 0.9995 0.24988
2.25 2.25 0.03 21.5 26.4 0.0005 0.9995 0.24988
2.5 2.5 0.03 2 1 . 6 26.8 0.0005 0.9995 0.24988
2.75 2.75 0.03 21.7 27.0 0.0005 0.9995 0.24988
3 3 0.03 2 1 . 8 27.5 0.0005 0.9995 0.24988
3.25 . 3.25 0.03 21.9 27.7 0.0005 0.9995 0.24988
3.5 3.5 0.03 2 2 . 0 28.4 0.0005 0.9995 0.24988
3.75 3.75 0.03 2 2 . 0 28.8 0.0005 0.9995 0.24988
4 4 0.03 2 2 . 2 29.6 0.0005 0.9995 0.24988
4.25 4.25 0.03 2 2 . 2 29.9 0.0005 0.9995 0.24988
4.5 4.5 0.03 22.3 30.6 0.0005 0.9995 0.24988
4.75 4.75 0.03 22.4 30.9 0.0005 0.9995 0.24987
5 5 0.03 22.5 31.4 0.0006 0.9994 0.24987
5.25 5.25 0.03 2 2 . 6 31.7 0.0006 0.9994 0.24986
5.5 5.5 0.03 22.7 32.3 0.0006 0.9994 0.24986
5.75 5.75 0.03 22.7 32.5 0.0006 0.9994 0.24985
6 6 0.04 2 2 . 8 33.0 0.0006 0.9994 0.24985
6.25 6.25 0.04 22.9 33.3 0.0006 0.9994 0.24985
6.5 6.5 0.04 23.0 33.8 0.0006 0.9994 0.24985
 ^ 6.75 6.75 0.04 23.0 34.0 0.0006 0.9994 0.24984
7 7 0.04 23.1 34.5 0.0006 0.9994 0.24984
7.25 7.25 0.04 23.2 34.6 0.0006 0.9994 0.24984
7.5 7.5 0.04 23.3 34.9 0.0007 0.9993 0.24984
7.75 7.75 0.04 23.3 35.1 0.0007 0.9993 0.24984
8 8 0.04 23.4 35.2 0.0007 0.9993 0.24983
8.25 8.25 0.04 23.4 35.3 0.0007 0.9993 0.24982
8.5 8.5 0.05 23.5 35.4 0.0009 0.9991 0.24980
8.75 8.75 0.06 23.6 35.4 0.0009 0.9991 0.24978
9 9 0.07 23.7 35.5 0 . 0 0 1 2 0.9988 0.24974
9.25 9.25 0.08 23.7 35.5 0.0013 0.9987 0.24969
9.5 9.5 0 . 1 0 23.8 35.5 0.0017 0.9983 0.24963
9.75 9.75 0 . 1 1 23.8 35.5 0.0019 0.9981 0.24955
1 0 1 0 0.14 23.9 35.5 0.0024 0.9976 0.24945
10.25 10.25 0.16 23.9 35.5 0.0027 0.9973 0.24935
10.5 10.5 0 . 2 1 24.0 35.5 0.0035 0.9965 0.24922
10.75 10.75 0.23 24.0 35.5 0.0039 0.9961 0.24907
1 1 1 1 0.28 24.1 35.4 0.0047 0.9953 0.24892
11.25 11.25 0.30 24.1 35.4 0.0050 0.9950 0.24878
air
R134a
c vol%
6  l/min 
183 ml/min
2.96 vol %
reach 0 . 0 1
sum
sum
sum
sum
capacity
capacity
vol%
10.22
1870.3
0.0765
7.801
8.758
0.858
(-)
6.48
(-)*min
ml
mol
g
% g/g
mol/kg
(-)*min
3 vol% Tin 3% TM 3% c/c in 1 - c out t* ca d s
0 0 0 . 0 1 30.6 40.8 0 . 0 0 0 2 0.9998
0.25 0.25 0 . 0 1 30.6 40.8 0 . 0 0 0 2 0.9998 0.24996
0.5 0.5 0 . 0 1 30.7 40.9 0 . 0 0 0 2 0.9998 0.24996
0.75 0.75 0 . 0 1 30.7 41.2 0 . 0 0 0 2 0.9998 0.24996
1 1 0 . 0 1 30.8 42.1 0 . 0 0 0 2 0.9998 0.24996
1.25 1.25 0 . 0 1 30.8 42.7 0 . 0 0 0 2 0.9998 0.24996
1.5 1.5 0 . 0 1 30.9 43.7 0 . 0 0 0 2 0.9998 0.24995
1.75 1.75 0 . 0 1 30.9 44.1 0 . 0 0 0 2 0.9998 0.24995
2 2 0 . 0 1 31.0 44.7 0 . 0 0 0 2 0.9998 0.24995
2.25 2.25 0 . 0 1 31.0 45.0 0 . 0 0 0 2 0.9998 0.24995
2.5 2.5 0 . 0 1 31.1 45.4 0 . 0 0 0 2 0.9998 0.24995
2.75 2.75 0 . 0 1 31.1 45.7 0 . 0 0 0 2 0.9998 0.24995
3 3 0 . 0 1 31.1 46.3 0 . 0 0 0 2 0.9998 0.24995
3.25 3.25 0 . 0 1 31.2 46.6 0 . 0 0 0 2 0.9998 0.24995
3.5 3.5 0 . 0 1 .....  31.2 47.3 0 . 0 0 0 2 0.9998 0.24995
3.75 3.75 0 . 0 1 31.3 47.6 0 . 0 0 0 2 0.9998 0.24995
4 4 0 . 0 1 31.3 48.2 0 . 0 0 0 2 0.9998 0.24994
4.25 4.25 0 . 0 1 31.3 48.4 0.0003 0.9997 0.24994
4.5 4.5 0 . 0 2 31.4 48.8 0.0003 0.9997 0.24993
4.75 4.75 0 . 0 2 31.4 49.0 0.0003 0.9997 0.24993
5 5 0 . 0 2 31.5 49.5 0.0003 0.9997 0.24993
5.25 5.25 0 . 0 2 31.5 49.8 0.0003 0.9997 0.24992
5.5 5.5 0 . 0 2 31.6 50.2 0.0003 0.9997 0.24992
5.75 5.75 0 . 0 2 31.6 50.4 0.0004 0.9996 0.24991
6 6 0.03 31.6 50.9 0.0005 0.9995 0.24990
6.25 6.25 0.03 31.7 51.1 0.0006 0.9994 0.24987
6.5 6.5 0.05 31.7 51.5 0.0009 0.9991 0.24982
6.75 6.75 0.06 31.8 51.7 0 . 0 0 1 1 0.9989 0.24976
7 7 0 . 1 0 31.8 51.9 0.0017 0.9983 0.24965
7.25 7.25 0.13 31.9 52.0 0 . 0 0 2 1 0.9979 0.24952
7.5 7.5 0.19 31.9 52.2 0.0032 0.9968 0.24934
7.75 7.75 0.23 31.9 52.3 0.0038 0.9962 0.24913
8 8 0.30 32.0 52.3 0.0051 0.9949 0.24888
8.25 8.25 0.35 32.0 52.4 0.0060 0.9940 0.24861
8.5 8.5 0.47 32.1 52.4 0.0079 0.9921 0.24827
8.75 8.75 0.52 32.1 52.4 0.0087 0.9913 0.24793
9 9 0.65 32.1 52.3 0 . 0 1 1 0 0.9890 0.24754
9.25 9.25 0.74 32.1 52.3 0.0125 0.9875 0.24707
9.5 9.5 0.63 31.7 50.6 0.0106 0.9894 0.24711
9.75 9.75 0.71 31.7 50.5 0 . 0 1 2 0 0.9880 0.24717
1 0 1 0 0.96 31.7 50.4 0.0162 0.9838 0.24647
10.25 10.25 1.07 31.8 50.4 0.0181 0.9819 0.24570
10.5 10.5 1.43 31.8 50.3 0.0241 0.9759 0.24472
10.75 10.75 1.56 31.9 50.2 0.0263 0.9737 0.24370
1 1 1 1 2 . 2 2 31.9 50.0 0.0375 0.9625 0.24203
11.25 11.25 2.46 32.0 50.0 0.0416 0.9584 0.24011
11.5 11.5 2.97 32.0 49.9 0.0502 0.9498 0.23852
air
R134a
c vol%
7
372
l/min
ml/min
5.05 vol %
reach 0.05
reach 0 . 0 1
sum
sum
sum
sum
capacity
capacity
vol%
vol%
5.99
2229.0
0.0911
9.296
10.437
1.023
(-)
10.3000
8.3600
(-)*min
ml
mol
g
% g/g
mol/kg
(-)*min
5vol% Tin 5% TM 5% c/c in 1 - c out t* c ads
0 0 0 . 0 0 19.4 21.9 0 . 0 0 0 0 1 . 0 0 0 0
0.25 0.2916667 0 . 0 0 19.5 21.9 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
0.5 0.5833333 0 . 0 0 19.6 22.5 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
0.75 0.875 0 . 0 0 19.7 23.3 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
1 1.1666667 0 . 0 0 19.8 25.6 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
1.25 1.4583333 0 . 0 0 19.9 26.7 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
1.5 1.75 0 . 0 0 19.9 28.0 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
1.75 2.0416667 0 . 0 0 2 0 . 0 28.4 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
2 2.3333333 0 . 0 0 2 0 . 0 29.1 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
2.25 2.625 0 . 0 0 2 0 . 1 29.6 0 . 0 0 0 0 1 . 0 0 0 0 0.24999
2.5 2.9166667 0 . 0 1 2 0 . 2 31.2 0 . 0 0 0 1 0.9999 0.24999
2.75 3.2083333 0 . 0 2 20.3 32.3 0 . 0 0 0 1 0.9999 0.24997
3 3.5 0.04 20.4 34.3 0.0004 0.9996 0.24993
3.25 3.7916667 .........0.04 . ,20.4 . 35.1 0.0004 . 0.9996 _0.249m
3.5 4.0833333 0.05 20.5 36.4 0.0005 0.9995 0.24989
3.75 4.375 0.05 2 0 . 6 37.0 0.0005 0.9995 0.24988
4 4.6666667 0.06 20.7 38.3 0.0006 0.9994 0.24987
4.25 4.9583333 0.07 20.7 38.9 0.0007 0.9993 0.24985
4.5 5.25 0 . 1 2 2 0 . 8 40.3 0 . 0 0 1 2 0.9988 0.24977
4.75 5.5416667 0.17 2 0 . 8 41.0 0.0016 0.9984 0.24965
5 5.8333333 0.31 20.9 41.9 0.0030 0.9970 0.24942
5.25 6.125 0.40 2 1 . 0 42.2 0.0040 0.9960 0.24912
5.5 6.4166667 0.64 2 1 . 1 42.6 0.0063 0.9937 0.24871
5.75 6.7083333 0.77 2 1 . 1 42.7 0.0076 0.9924 0.24825
6 7 1 . 1 0 2 1 . 2 42.7 0.0109 0.9891 0.24769
6.25 7.2916667 1.31 2 1 . 2 42.6 0.0129 0.9871 0.24702
6.5 7.5833333 1.96 21.3 42.4 0.0194 0.9806 0.24595
6.75 7.875 2.27 2 0 . 8 42.0 0.0225 0.9775 0.24475
7.219 7.422 5.128 5.34
0.95 1.04 0.192 0.218
0.09 0.026
0.203 2.255556 0 . 2 1 2 8.153846
7.331778 5.193231
8.27
0.17
0.14
0.43
8.7
0.31
3.071429
8.362143
-8.362143
-7.331778 -5.193231
air
R134a
c vol%
7 l/min 
408 ml/min
5.05 vol %
reach 0.01
sum
sum
sum
sum
capacity
capacity
vol%
4.00
1631.3
0.0667
6.804
7.639
0.749
(-)
6.6600
(-)*min
ml
mol
g
% g/g
mol/kg
(-)*min
5vol% Tin 5% TM 5% c/c  in 1 - c out t* c ads
0 0 0.01005 25.2 36.6 0.0001 0.9999
0.25 0.2917 0.01 25.25 36.7 0.0001 0.9999 0.24998
0.5 0.5833 0.00965 25.35 37.6 0.0001 0.9999 0.24998
0.75 0.875 0.00995 25.4 38.5 0.0001 0.9999 0.24998
1 1.1667 0.01175 25.55 40.9 0.0001 0.9999 0.24997
1.25 1.4583 0.0124 25.55 41.9 0.0001 0.9999 0.24997
1.5 1.75 0.01365 25.7 43.3 0.0001 0.9999 0.24997
1.75 2.0417 0.01395 25.75 43.9 0.0001 0.9999 0.24997
2 2.3333 0.01475 25.8 45.2 0.0001 0.9999 0.24996
2.25 2.625 0.01575 25.9 46.1 0.0002 0.9998 0.24996
2.5 2.9167 0.0218 26 48.2 0.0002 0.9998 0.24995
2.75 3.2083 0.0284 26.1 49.0 0.0003 0.9997 0.24994
3 3.5 0.0457 26.15 50.4 0.0005 0.9995 0.24991
3.25 3.7917 0.0541 26.25 51.0 0.0005 0.9995 0.24988
3.5 4.0833 .. 0.0927 26.35 52.3 0.0009 0.9991 0.24982
3.75 4.375 0.1426 26.4 53.0 0.0014 0.9986 0.24971
4 4.6667 0.33455 26.5 54.4 0.0033 0.9967 0.24941
4.25 4.9583 0.4725 26.6 55.0 0.0047 0.9953 0.24900
4.5 5.25 0.85105 26.7 55.8 0.0084 0.9916 0.24836
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APPENDIX 6
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